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Traditional medicines consisting of compounds derived from natural organisms have been used for human
health care worldwide since ancient times. Since the last century, huge numbers of bioactive natural entities
with diverse chemical scaffolds have been discovered, and some have been explored as clinical medications
to treat various diseases. The advent of modern technologies has promoted the discovery of natural
product-based pharmaceutical agents. The synthesis of natural products not only paves the way to confirm
their molecular structures but also offers the structural modification opportunity to rationally optimize the
drug-likeness parameters and evaluate the bioactivity of analogs. By providing a brief overview of a miscella-
neous collection of complex natural products synthesis and the efforts of the structure—activity relationship,
the present report aims to highlight the impact of chemical synthesis in natural product generation, diversifi-
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1. Introduction

For millennia, nature has provided an invaluable source of tra-
ditional medicines from a variety of plants, animals, microor-
ganisms, and minerals for humans to treat a wide spectrum of
diseases. Since around 2600 BCE the successful use of natural
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cation, bioactivity evaluation, and natural product-based drug development.

medicines and remedies, particularly plant-originated sub-
stances, has been well documented in a large number of
countries." The World Health Organization (WHO) estimated
in 1985 that more than 4000 million people in the world relied
mainly on traditional medicines for their primary health care.?
Since the 19" century, developments in the fields of phyto-
chemistry and analytical chemistry have enhanced humans’
ability to examine natural materials more deeply and to ident-
ify pure bioactive constitutes to further leverage the application
potential of natural products.

Beginning with the isolation of morphine, the first active
principle from the opium poppy, by German pharmacist
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Fig. 1 Structures of morphine, cocaine, quinine, penicillin G, and
artemisinin.

Friedrich Sertiirner in 1806, and followed by its commerciali-
zation as an analgesic and sedative by Merck in 1827, several
active natural products were subsequently purified, such as
cocaine and quinine from plant coca and cinchona, respect-
ively (Fig. 1). However, not until the last century did drug dis-
covery-based natural products come of age due to the scientific
breakthroughs in modern chemistry and medicine. The
natural products pool was enriched with broader chemical
structures and diverse spectrum bioactivities. Compared with
conventional synthetic molecules, naturally generated pro-
ducts are characterized by more complex skeletons with a
higher molecular mass and a larger number of sp*-hybridized
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atoms, which can be advantageous for the exploration of small
molecule and biomolecule interactions.

Despite the successful discovery of multiple drugs based on
original natural products, such as morphine and artemisinin
(Fig. 1), they still suffer from source and availability chal-
lenges. More importantly, the low success rate of the natural
entity in approved drugs emphasizes the importance of struc-
tural optimization to improve natural products’ drug-like
characteristics during drug development. With the develop-
ment of new synthetic strategies and methodologies, more
complex natural products have been assembled by efficient
total synthesis or semisynthesis. The complementation of total
synthesis strategies with semisynthetic transformations has
been applied widely in the diversity- and bioactivity-oriented
synthesis of drug-like entities.

Natural products and their synthetically modified analogs
have historically made a remarkable contribution to the devel-
opment of new drugs. A number of reports and books have
reviewed the development of natural product-based drugs,">™**
including antibiotic ~ drugs,'*'® antitumor agents,
analgesics,”*> and antiparasitic drugs.”*>* All the reviews men-
tioned above emphasize that original natural products play sig-
nificant roles in the drug discovery and development process.
This is also confirmed further in the recent survey provided in
serial reviews from Newman and Cragg,”*®>° which reported
that only 463 purely synthetic drugs accounted for 24.6% of
1881 approved new chemical entities between 1981 and 2019.
The rest of the new drugs on the market were either derived
from the original natural structure or inspired by the rigidly
complex skeletons of natural entities; 427 naturally occurring
products (N, Newman and Cragg’s category) and their structural
derivatives (ND) were approved over almost 39 years.

Even though these reviews summarized nicely the natural
product-based new drug development, druggability-related syn-
thesis was not intensively tackled. We proposed to provide a
brief overview of a miscellaneous collection of complex natural
products synthesis and the endeavors of structure-activity
relationships (SAR) studies to highlight the impact of chemical
synthesis in natural product medicinal chemistry. Given the
large number of approved natural product drugs in history,
only the representative complex natural products whose chemi-
cal synthesis played an important role during the related drugs
development are selected here. We admit that some natural
products drugs, such as penicillin, vancomycin, ciclosporin,
and rapamycin, are also classical and complex, but these are
not covered due to limited space. Herein, the total synthesis of
eight natural entities that were approved as drugs is presented
according to the structural features, and the roles that total
synthesis played in drug discovery and development are over-
viewed. The SAR studies are also discussed extensively.

17-20

2. Morphine and morphine derivatives

Morphine (1), isolated in 1806 by a German pharmacist,
Friedrich Sertiirner, is used primarily to treat both acute and
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chronic moderate-to-severe pain.’** It functions through
selective binding to the p-type opioid receptor in the brain and
spinal cord.>®?® Many natural analogs and semisynthetic
derivatives of morphine have been isolated or synthesized
until now, some of which are presented in Fig. 2. The primary
source of morphine and its congeners is isolation from the

HO™
morphine (1): R'=H
codeine (6): R' = Me

MeO
oripavine (7): RZ = H
thebaine (8): R2 = Me

[e)
oxymorphone (10): R® = H
oxycodone (11): R® = Me

hydromorphone (9)

naloxone (12): R% = m
naltrexone (13): R* = &/A

Fig. 2 Morphine and related compounds, and their ring lettering and
carbon numbering system.
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opium poppy, which is greatly affected by climate and political
instability.>>?” Although the morphine biosynthesis pathway
has been elucidated and the laboratory scale production of
morphine in yeast has been realized, major challenges remain
to be addressed before the realization of practical strategies for
industrial-scale production.*®*° Therefore, total synthesis may
be a plausible surrogate for extraction in the production of
morphine and its derivatives.

The structure of morphine was first proposed by Robinson
in 1925, and this structure was supported by Gates’ first total
synthesis of morphine in 1952 and later by X-ray analysis in
1954.%°"" As shown in Fig. 2, there are several intriguing struc-
tural features of morphine: a rigid pentacyclic bridged/fused
ring structure (designated A, B, C, D, and E), five contiguous
stereocenters (C5, C6, C9, C13, and C14) including one qua-
ternary stereocenter (C13), an ether linkage between C4 and
C5, two hydroxy groups (C3 and C6), a basic tertiary amine
moiety, and a double bond between C7 and C8, which make
its total synthesis a challenging task. The numerous studies on
the synthesis of morphine alkaloids have led to over 40 syn-
thesis routes, which have been summarized in several recent
reviews, 13334374445 gelected representative routes for cata-
Iytic asymmetric total synthesis of morphine alkaloids will be
discussed in the following section.

2.1 Catalytic asymmetric total synthesis of morphine alkaloids

2.1.1 Overman’s total synthesis of (—)-morphine. Overman
and co-workers completed the first catalytic asymmetric syn-
thesis of (—)-morphine (1).*°® In their synthesis, enantio-
selective reduction of ketone 14 with catecholborane in the
presence of (R)-oxazaborolidine catalyst (15) and subsequent
condensation of the alcohol with phenyl isocyanate produced
16 (Scheme 1). The latter was transformed into 18 through two

(0] OCONHPh OCONHPHh
15, catecholborane, H H
2 then PhAN=C=0 050, then 5
—
HPh Ph acetone, H 07/\
14 16 p
/O
N\B
15 H
| MeO
SiMePh Bno CHO  BnO @
H X 1) Pd(O,CCF3),(PPh3),

14
MeO 19
NHDBS Znly, EtOH, 60°C
18

dr>20:1
MeO.
e} B
13/ D
9 YNDBS
H
21

Scheme 1 Overman'’s synthetic route.

X

3,5-(0,N),CgH;CO5H
CSA, DCM, 0°C

This journal is © the Partner Organisations 2022

| ; PMP, PhMe, 120°C

b NDBS ™2) BF;OEt,, EtSH

20

HOL).morphine (1)

Org. Chem. Front, 2022, 9, 517-571 | 519


https://doi.org/10.1039/d1qo01341f

Published on 20 November 2021. Downloaded on 30.10.2025 02:59:35.

Review

key operations: catalytic dihydroxylation of the terminal
double bond and introduction of an allylsilane group, in
which the desired C14 (following the numbering in morphine)
stereocenter was established. Condensation of 18 with a tetra-
substituted A ring aldehyde 19 through the Mannich reaction
generated ring D in 20. An intramolecular Heck reaction
within 20 and subsequent removal of the benzyl group gave
the tetracyclic compound 21 concomitant with the construc-
tion of the crucial quaternary C13 stereocenter. Ring E was
constructed through epoxidation of the double bond and an
epoxide ring-opening cyclization sequence. The pentacyclic
compound 22 was transformed into (—)-morphine (1) following
Rice’s method.*’

2.1.2 White’s total synthesis of (+)-morphine. In White’s
synthesis,® the phenanthrene ring system (ring A/B/C) was con-
structed first, and this ring system was used as a platform for the
sequential introduction of the dihydrofuran ring E and piper-
idine ring D. The first chiral center (C9) was established
through Rh-catalyzed enantioselective hydrogenation of the
a,f-unsaturated ester 23 in the presence of (4R,5R)-MOD-DIOP 24
(Scheme 2). The following intramolecular Friedel-Crafts reaction
and Robinson annulation provided the phenanthrene nucleus
28. DBU-promoted cyclization yielded the tetracyclic compound
29, which was transformed into the diazo ketone 30. A Rh(u)-cata-
lyzed carbenoid C-H insertion reaction was used to construct the
challenging C13 all-carbon stereocenter in 31. The cyclopenta-
none was transformed into the piperidine ring through
Beckmann rearrangement, which completed the synthesis of the
pentacyclic core skeleton 32. Several functional group manipula-
tions successfully led to the synthesis of (+)-morphine.

CO,Me 5

1) Hy, [Rh(COD)Cl],,
24

2) Bry, AcOH

MeO CO,H

MeO
Me

OMe
Me

DBU, PhH
50°C

Rh,(OAC),
_—

Dem MeO’

30 OMOM

Scheme 2 White's synthetic route.
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2.1.3 Trost’s total synthesis of (—)-morphine. Trost’s asym-
metric total synthesis of (—)-morphine (1) features a series of
Pd-catalyzed reactions.’®' By employing Pd-catalyzed asym-
metric allylic alkylation of allylic ester 35 with 2-bromovanillin
34 in the presence of chiral ligand 36, the aryl ether 37 with
87% to 88% ee and the desired stereo configuration at C5 was
obtained (Scheme 3). Then, a Pd-catalyzed intramolecular
Heck reaction was applied to construct the ring E
accompanied by the establishment of the quaternary stereo-
center C13 (38 to 39). Another intramolecular Heck reaction
on 40 smoothly led to tetracyclic compound 41, which was
transformed into allyl alcohol 42. The final piperidine ring D
was constructed through an intriguing visible light-promoted
hydroamination reaction. It should be noted that intra-
molecular Heck reactions were also used in Hudlicky’s asym-
metric total synthesis of (—)-codeine (6) to construct ring E and
ring B, wherein the chiral starting material was derived from

enantioselective  dihydroxylation  of
52,53

enzyme-catalyzed
B-bromoethylbenzene.

2.1.4 Tu’s total synthesis of (—)-morphine. In Tu’s total
synthesis of (=)-morphine (1),>* chiral spiropyrrolidine (SPD)
organocatalyst 44-catalyzed asymmetric Michael addition
within 43 and subsequent p-toluenesulfonic acid-promoted
Robinson annulation were utilized to construct the A/C/E ring
system with the establishment of the quaternary stereocenter
C13 (Scheme 4). Introduction of an aldehyde group on 45 and
subsequent polyphosphoric acid (PPA)-catalyzed Friedel-Crafts
type cyclization led to the tetracyclic compound 46. A Wharton
reaction was used to transform o,f-unsaturated ketone 46 to
allylic alcohol 47. Introduction of the sulfonamide through a

25

THF

HO )
(+)-morphine (33)
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Scheme 3 Trost's synthetic route.
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Scheme 4 Tu's synthetic route.

regioselective Mitsunobu reaction and configuration inversion
of C6 hydroxy group via an oxidation/reduction process led to
48, which was ready for the introduction of the final piperidine

ring D. A lithium 4,4'-di-tert-butylbiphenylide

moted hydroamination reaction and a subsequent demethyl-
ation operation successfully led to (—)-morphine (1).

2.1.5 Dong’s total synthesis of morphine alkaloids. Dong
and co-workers developed a deconstructive strategy for the
morphine
(Scheme 5).%° In their synthesis, the phenanthrene ring system

asymmetric  total synthesis  of

in 51 was efficiently constructed through Rh-c

and-sew” transformation between a sterically hindered trisub-

This journal is © the Partner Organisations 2022

stituted alkene and benzocyclobutenone within 49 in the pres-
ence of the chiral bidentate phosphine ligand 50. The chiral
C13 and C14 centers with the desired stereo configuration
were also set up. Then, BBr;-mediated ether bond cleavage
successfully yielded compound 53, which was a suitable sub-
strate for the introduction of the sulfonamide group in 54. The
piperidine ring was constructed through sodium naphthale-
nide-mediated removal of the Ts group and subsequent radical
cyclization. Selective demethylation on one of the two MeO
ethers using NaSEt led to compound 55, which was a common
precursor for the synthesis of morphine (1), codeine (6), and
thebainone A.>®

(LiDBB)-pro-

alkaloids

atalyzed “cut-
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Scheme 5 Dong's synthetic route.

2.2 Structure-activity relationships of morphine derivatives

As the prototypical opioid agonist, morphine (1) has been
intensively studied, which led to various types of morphine-
related drugs. Representative pentacyclic morphine-based
drugs are listed in Fig. 3. There are several structural features
that are important for morphine’s biological function: the C3
phenolic hydroxy group, C6 allylic hydroxy group and C7-C8
double bond, the B/C cis-fused ring system, the substitution
groups at C14, and the amine group. Detailed SAR studies
have been summarized previously®® and a brief discussion is
provided in the following paragraph.

(o]
morphine (1) hydromorphone (9) oxymorphone (10)

MeO.

codeine (6) hydrocodone (56) oxycodone (11)

naloxone (12): R* = m
naltrexone (13): R* =/K/A

Fig. 3 Representative morphine-related drugs.
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The C3 phenolic hydroxy group is essential for the binding
of morphine with the p receptor. Therefore, codeine (6), the
C3 methoxy ether derivative of morphine, shows 10-fold lower
potency than morphine.”” However, codeine possesses greatly
enhanced oral bioavailability. A similar relationship is
observed between codeine-derivatized hydrocodone (56) and
morphine-derivatized hydromorphone (9), which are the same
as oxycodone (11) and oxymorphone (10).>® These codeine-
derivatives function as prodrugs and must undergo CYP2D6-
mediated demethylation of their corresponding phenolic
methyl ethers before binding to p receptors.>

The Cé6 allylic hydroxy group is engaged in a weak hydrogen
bond between morphine and its receptor.”® However, removal of
the hydroxy group increases the molecular lipophilicity and there-
fore leads to a 10-fold increase in activity.”® If the alcohol is oxi-
dized to ketone, a 3-fold decrease in activity is observed; further
hydrogenation of the C7-C8 double bond led to hydromorphone
(9) with more flexibility in ring C, which shows a 6-fold increase
in potency compared with morphine.”® Introduction of a
B-hydroxy group at C14 transforms hydromorphone (9) into oxy-
morphone (10), which shows a 2- to 3-fold increase in receptor
affinity when compared with hydromorphone (9).

The essential amino nitrogen functions in a protonated
form by forming an electrostatic bond with the receptor.
Substituents at this nitrogen atom have a great influence on its
biological function. A methyl group is commonly observed in
morphine-derived agonists; however, naloxone (12) and nal-
trexone (13), with allyl or cyclopropylmethyl group, respect-
ively, are pure antagonists.

3. Tetracyclines

Following the discovery of chlortetracycline (57) by Duggar in
1945,°° several other natural tetracyclines—oxytetracycline
(58),°" tetracycline (59),°> and demeclocycline (60),°>*—were
discovered in the following years (Fig. 4). The broad-spectrum

This journal is © the Partner Organisations 2022
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OH O OH O (¢]
sancycline (61)

Fig. 4 Structures of natural tetracyclines and the core structure of
tetracyclines.

activity and low side effects of tetracyclines make them one of
the most important classes of antibiotics.®* It is well estab-
lished that tetracyclines function by binding to the 30S riboso-
mal subunit, which prevents the association of aminoacyl-
tRNA with the bacterial ribosome and therefore inhibits bac-
terial protein synthesis.®® Over 70 years of widespread use has
resulted in the emergence of bacterial resistance to tetra-
cyclines. There are three main mechanisms responsible for
tetracycline resistance: (1) efflux pumps reduce the intracellu-
lar tetracycline concentration by exporting tetracycline from
the cell; (2) ribosomal protection proteins protect ribosomes
from tetracycline inhibition via various mechanisms; and (3)

62

1) HBr
2) CeCls, 02
DMF/MeOH

Scheme 6 Woodward's total synthesis of sancycline.
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protection enzymes inactivate tetracycline through modifi-
cation and degradation.®>®®%® The growing problem of tetra-
cycline resistance calls for much more investigation on the
synthesis of tetracycline derivatives for the development of
higher potency antibiotic drugs.

In the early 1950s, the structures of chlortetracycline (57)
and oxytetracycline (58) were first determined by scientists
from Pfizer with the help of Woodward.®®”" Subsequent
studies showed that the tetracyclines share one common
nucleus, sancycline (61), which is composed of four linearly
fused 6-membered rings (designated A, B, C, and D) with four
stereocenters. A combination of different substitution groups,
for example, chloride, hydroxy, and methyl, with the different
substitution positions on the nucleus could lead to various
tetracyclines with more structural complexity. The tetracyclines
are frangible under an array of conditions: (1) the C6 hydroxy
group undergoes dehydration in acidic media; (2) the C4 di-
methylamino group epimerizes in mildly acidic conditions;
and (3) the B and C rings undergo a retro-Dieckmann reaction
in basic media.”*”® The important biological functions and
the complicated structural features of tetracyclines have
attracted much attention of synthetic chemists.

3.1 Total synthesis of tetracyclines

3.1.1 Woodward and Shemyakin’s total synthesis. One
decade after they elucidated the structures of chlortetracycline
(57) and oxytetracycline (58), Woodward and co-workers com-
pleted the first total synthesis of the prototypic tetracycline
antibiotic, 6-demethyl-6-deoxytetracycline (61, sancycline).”*”®
Starting from methyl 3-methoxybenzoate (62), they constructed
the four fused rings one by one in a D to A direction through
sequential Friedel-Crafts acylation and Claisen-/Dieckmann-
type condensation reactions (Scheme 6). At the final stage of
their synthesis, C12a was selectively oxidized with O, in the

MeO (0]
(¢] OMe

NaH, MeOH
DMF

Cl

(o)
OMe

OMe O

64
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Scheme 7 Shemyakin's total synthesis of tetracycline.

presence of CeCl; to construct the hydroxy group, which gave
the desired product sancycline.

Not long after Woodward’s synthesis of sancycline,
Shemyakin reported their synthesis of tetracycline.”” Starting
from juglone (68), they developed a synthetic strategy similar
to that of Woodward (Scheme 7). It should be noted that the
C6 hydroxy group was installed using a photooxidation
method.”®

3.1.2 Muxfeldt’s total synthesis. In 1965, Muxfeldt and co-
workers reported their total synthesis of sancycline (61).”° Still
performed in the D to A direction, their synthesis utilized
1-chloro-2-bromomethyl-4-methoxybenzene (72) as a starting
material and the D/C ring fused compound 75 was synthesized
(Scheme 8). Condensation of 75 with methyl N-t-butyl-3-oxo-
glutaramate (76) in the presence of sodium hydride led to the
tetracyclic product 77. Notably, their strategy constructed the A
and B rings in one step utilizing a cascade reaction consisting
of intramolecular Michael addition and Dieckmann conden-

polyphosphonc
_acid
HOZC 80°C
OMe

MeO. NHtBu  Cl NHBz
H H

0760 O
NaH, THF/Et,0, 35°C

Scheme 8 Muxfeldt's total synthesis of sancycline.
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sations. Further exploration of this strategy led to their achieve-
ment of the total synthesis of oxytetracycline (58).%

3.1.3 Stork’s total synthesis. In Stork’s total synthesis of
tetracycline,®" the C5a stereocenter was established using
C6 hydroxy group-directed radical cyclization (78 to 79,
Scheme 9), and the C4a stereocenter was correctly constructed
in a substrate-controlled stereoselective Michael reaction to
generate 80. Dieckmann cyclization of 80 in the presence of
potassium hydride smoothly led to the pentacyclic product 81,
which could be transformed into tetracycline (59) with hydro-
genolytic opening of the isoxazole ring and incorporation of
the C12a hydroxy group. It should be pointed out that when
ring B was constructed first, trials to synthesize ring A were
unsuccessful. Therefore, the authors proposed that ring A was
formed prior to ring B in the transformation of 80 into 81.

3.1.4 Tatsuta’s total synthesis. There was no asymmetric
total synthesis of tetracyclines until Tatsuta’s seminal report on
the completion of (—)-tetracycline in 2000.%* Starting from 82,
which was derivatized from p-glucosamine, the functionalized
ring A (83) was synthesized first (Scheme 10). The subsequent
regio- and stereo-selective [4 + 2] cycloaddition reaction between
83 and the diene 84 successfully led to the A/B ring-fused bicyc-
lic intermediate. The following tandem Michael-Dieckmann-
type reaction between 85 and 86 constructed the ring C with the
concomitant introduction of the ring D. In contrast to previous
synthetic strategies, Tatsuta’s synthesis builds the tetracyclic
framework in the ring A to ring D direction.

3.1.5 Myers’ total synthesis. In Myers’ total synthesis of the
FDA-approved drug (—)-doxycycline (94), the functionalized
ring B 88,% derivatized from benzoic acid, was transformed
into compound 89, which was a precursor of the tricyclic com-
pound 90 with A/B-fused rings (Scheme 11). Like that in
Stork’s synthesis,®" Myers and co-workers used a functiona-
lized isoxazole as a precursor for the sensitive groups on ring
A. Following a strategy similar to that used in Tasuta’s total
synthesis of (—)-tetracycline,** the cascade Michael-Dieckmann
reaction between 91 and 92 successfully yielded the pentacyc-
lic compound 93, which could be efficiently transformed into
(—)-doxycycline (94).

ol Ph
=
e}
OMe (¢]
OMe O 75
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Scheme 11 Myers' total synthesis of (—)-doxycycline.

Previous X-ray crystallography studies on the interaction
between tetracycline (59) and the 30S ribosomal subunit indi-
cated that the D ring is suitable for modifications to generate
more potent antibiotics.”> Therefore, Myers’ late-stage con-
struction of ring C with the concomitant introduction of struc-
turally varied forms of ring D is a promising strategy to syn-

This journal is © the Partner Organisations 2022

1) LIOT, PhMe
2) TFA, DCM HO""

View Article Online

Review

OEt

OCbz NMe
Me/‘n HH 5 H o 2

(-)-doxycycline (94)

thesize tetracycline derivatives with modified D ring. With con-
tinuing optimization, this synthetic strategy is now suitable for
industrial-scale application.?*"®® What’s more, utilizing Myers’
method, countless tetracycline derivatives, which are difficult
to synthesize or are inaccessible by semisynthesis, can be con-
structed. Fig. 5 shows three representative tetracycline deriva-
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Fig. 5 Representative tetracycline derivatives synthesized based on
Myers’ strategy.

tives with different substitutions, the 7-azatetracycline 95, the
pentacycline 96, and the fluorocycline 97, among which 97, the
first fully synthetic tetracycline antibiotic, was approved in
2018.%° To date, more than 3000 tetracycline derivatives have
been synthesized based on Myers’ strategy by a company named
Tetraphase.’® These tetracycline derivatives with diverse modifi-
cations make more detailed SAR studies possible.

3.2 Structure-activity relationships of tetracycline derivatives

Since the application of chlortetracycline (1) as the first broad-
spectrum antibiotic, extensive efforts have been devoted to the
SAR studies of tetracyclines, through natural tetracyclines to
semisynthetic derivatives and then to fully total synthetic candi-
dates. The tetracycline drugs can be roughly divided into four
generations and representative members are presented in Fig. 6.

Naturally isolated tetracyclines are the main members of
the first-generation drugs. These natural drugs share a
common pharmacophore and comprise different substitution
groups at C5, C6, and C7. Several structural features are impor-
tant for their bioactivities. Maintenance of the four linearly
fused six-membered carbocyclic skeleton and the a stereoche-
mical configurations of C4, C4a, C5a, and C12a are essential
for their high antibacterial activity.*°"°> Chelation with metal
ions has a great influence on tetracyclines’ activity, and the
keto-enol systems (C1-C3 and C11-C12) and the carboxamide
(C2), which are the sites of interaction with ions, are
necessary.”*”" Alkylation of the carboxamide (C2) generally
decreases activity, whereas suitable substituents can increase
the water solubility, as in the case of the prodrug
lymecycline.®#*> Removal of the C4 dimethylamino or its re-
placement with higher alkylamino groups reduces activity.”*
Furthermore, esterification of the C12a hydroxy group
diminishes the activity.

However, as mentioned above, the C6 hydroxy group in
these natural products is labile and undergoes dehydration in
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Fig. 6 Representative members of approved tetracycline drugs.

acidic media to produce anhydrotetracycline, which shows
nephrotoxicity.”> Therefore, removal of the C6 hydroxy group
and further modifications through semisynthesis led to two
second-generation drugs, doxycycline (94) and minocycline
(98), which are more stable while maintaining similar or even
higher antibacterial activity.***>

The widespread use of tetracycline antibiotics has brought
about serious resistance problems, which has led to the call
for more-effective drugs. Investigations on C9-substituted tetra-
cyclines led to the discovery of one glycylcycline named tigecy-
cline (101), which is a derivative of minocycline (98).°°
Tigecycline (101) shows high potency on tetracycline-resistant
strains that utilize the efflux and ribosomal protection mecha-
nisms of resistance.”” However, tigecycline (101) is only avail-
able in an injectable formulation.”" Further modifications led
to the discovery of omadacycline (99), which is a C9-amino-
methylcycline. Compared with tigecycline (101), omadacycline
(99) shows improved oral bioavailability while maintaining
activity against tetracycline-resistant bacteria.”® Another C7-
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aminomethylcycline, sarecycline (100), was approved as a
narrow-spectrum tetracycline for the treatment of acne.

The success of the second- and third-generation tetracycline
drugs indicates the potential role of the tetracycline pharmaco-
phore in developing new antibiotics. However, the use of semi-
synthesis, as opposed to total synthesis, for the modification
of tetracyclines has inherent limitations. The power of total
synthesis is demonstrated by the approval of eravacycline
(97),%%%° the first fully synthetic tetracycline drug. We believe
that total synthesis will play a much more important role in
the campaign against growing antibiotic resistance.

4. Macrolides

The macrolides, a series of macrocyclic lactones with 14-, 15-
and 16-membered rings and decorated with one or two sugar
moieties are primarily isolated from different Streptomyces
spp. The first macrolide and wide-spread antimicrobial agent,
erythromycin (102), was isolated in 1952 from the culture
broth of Saccharopolyspora erythera, and its structure features,
a highly substituted 14-membered lactone bearing 10 chiral
carbon atoms, and configuration were successively defined by
chemical and X-ray diffraction studies.'®®™'%* Inspired by its
excellent and broad-spectrum activity against Gram-positive
pathogens, the mechanism by which erythromycin binds to
the 23S RNA of the 50S ribosomal subunit to hamper the exit
peptide tunnel and inhibit protein synthesis was elucidated
and confirmed further by determining the crystal structure of
erythromycin bound to the 50S ribosomal subunit.'**'* Since
erythromycin was launched as Ilosone to treat bacterial infec-
tions of the respiratory tract, skin, and soft tissues, the
problem of varying levels of resistance to macrolides has been
uncovered; resistance was characterized as resulting from the
expression of efflux proteins in Gram-positive pathogens, °>*®
a change in erythromycin binding site in mutated ribosomal
proteins,'®” and bio-modifications of macrolides by methyl-
ase’®®'% and esterases."'®''' In addition, erythromycin is
unstable, especially in acidic environments, due to ketal for-
mation between the C6 and C12 hydroxy groups and the C9
ketone; this undesired side reaction alters the structural pro-
perties and leads to low safety and bioavailability."** To effec-
tively address these problems and improve the drug-likeness
potential of natural macrolides, total synthesis and semisynth-
esis strategies for the macrolides and their structural analogs
have been explored to develop novel lead structures with new
molecular features and mechanisms of actions.

4.1 Total synthesis of macrolides

4.1.1 Woodward’s total synthesis of erythromycin A. Only
three groups in the world, including Woodward and Martin’s
teams, have completed the total synthesis of erythromycin A
and B. The first route to erythromycin A (102) was reported by
Woodward and co-workers using dithiohemiacetal as starting
material, which was followed by 12 conversion steps to gene-
rate a common intermediate (103). Then, 103 was converted to
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intermediate 104 and aldehyde 105, followed by aldolization in
the presence of mesityllithium as a base, yielding diastereo-
meric aldols (106), which underwent a series of reactions,
including deprotection, protection, and oxidation, to generate
aldehyde 107. The coupling of 107 with the enolate tert-butyl
thiopropionate exclusively generated the “Cram” product with
an undesired stereochemistry at C2. The desired stereo-
chemistry at C2 was subsequently obtained in the presence of
t-BulLi, to yield 108, which was transformed into a single seco-
acid derivative (109) decorated with 2-pyridyl-thioester as a pre-
cursor of macrocyclization. Next, 109 was subjected to Corey’s
method of lactonization to afford 110, and this was
followed by ten steps including two innovative glycosidation
manipulations using p-desosaminide 112 and t-cladinoside
114 as Konigs-Knorr glycosyl donors, which finally led to
the production of erythromycin A (102) in 48 steps
(Scheme 12).113711°

4.1.2 Martin’s total synthesis of erythromycin B. A decade
after Woodward’s approach to erythromycin A synthesis was
reported, the formal synthesis of erythromycin A was reported
by Oishi’s group and a highly efficient strategy for semisynth-
esis of erythromycin A from its natural aglycon was accom-
plished by Tatsuta using altered glycosidation strategy. In
1997, Martin completed the total synthesis of erythromycin B
(116), a congener of erythromycin A lacking a hydroxy group at
C12 (Scheme 13).M° Based on known trihydroxy intermediate
118 prepared according to a reported method, synthesis of
ketone 119 was achieved via interconversions of protecting
groups and oxidation. This step was followed by aldolization
with aldehyde 120 to generate intermediate 121. A macrocycli-
zation precursor, seco-acid (122), was prepared from 121 with
highly stereoselective aldolization as a critical conversion step.
Using excellent Yamaguchi’s macrolactonization, synthesis of
the macrolide core skeleton (123) was achieved with a high
yield. After multiple steps of protecting group transformations
accompanied by two steps of glycosidation using Woodward’s
protocol, erythromycin B (116) was obtained in 23 steps.

4.1.3 Kang’s total synthesis of azithromycin. The approved
drug azithromycin (124), a semisynthetic analog, is prepared
from erythromycin A in four steps. Considering its clinical use
as a first-line antibiotic, Kang and co-workers used a novel syn-
thetic plan instead of using erythromycin A as the precursor to
construct azithromycin (124) (Scheme 14)."'” According to the
strategy, the triol (125) was converted to alkanolamine inter-
mediate (126) in 11 steps using desymmetric mono-benzoyla-
tion and epoxide chemistry as key reactions. The eastern build-
ing block (130) with a carboxylic acid, was obtained by homo-
logation, desymmerization, crotylation, and reduction and gly-
cosidation using the known chiral moiety (127) as starting
material. The alkanolamine (126) was coupled with an alde-
hyde by reductive amination under hydrogenation conditions,
and amino methylation was completed in the presence of for-
maldehyde to give seco-acid (131). These and the following
steps, including Yamaguchi macrocyclization, glycosidation,
and deprotection, yielded azithromycin (124) in a total of 18
steps.
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Scheme 13 Martin's synthesis of erythromycin B.

4.2 Structure-activity relationships of macrolide derivatives

Since the discovery of erythromycin as the first macrolide with
broad-spectrum antibacterial activity, the development of
more potential novel antibiotic candidates has been spurred,
leading to the preparation and testing of hundreds of macro-
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lide derivatives. As mentioned above, spiroketal formation
between the ketone at C9 with hydroxy groups at C6 and C11
under acidic conditions contributes to the low stability of ery-
thromycin. To avoid this unpleasant side effect, a more acid-
resistant and powerful derivative with a 6-O-methyl group was
developed by Omura and co-workers in 1984; six years later
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Scheme 14 Kang's total synthesis of azithromycin.

this derivative, clarithromycin (133), was approved for clinical
use (Fig. 7).""®* Meanwhile, a 15-membered ring of azamacro-
lide was furnished through Beckmann rearrangement of ery-
thromycin A oxime at C9. This new strategy from Lazarevski’s
group led to a novel chemical scaffold with excellent stability
and activity; this chemical was approved as a new drug in
1988, named azithromycin (124). In addition, the C3-cladinose
moiety was shown to be unnecessary for protein contact.'*’
The success of the marketed drug telithromycin (134) showed
that its ability to bind to the ribosome was improved by the
introduction of a C11/C12 carbamate ring with an extended
aryl substituted alkyl chain, and binding was also improved by
oxidation of the C3 hydroxy group to give C3 ketone without
sugar.'?°'*> However, a more effective antibiotic is urgently
needed because of the serious drug resistance problem
induced by the widespread use of the antibiotic. The develop-
ment of more drug-like candidates for clinical applications,
such as cethromycin (135) and solithromycin (136), is currently
underway.

5. Vinca alkaloids

Vinblastine (137) and vincristine (138) are characteristic
members of the biologically important vinca alkaloids (Fig. 8).
Along with these two alkaloids, derivatives of these alkaloids,
including vindesine (139), vinorelbine (140), and vinflunine
(141), have been widely applied as well-known antitumor
drugs. These molecules function through binding to tubulin,
which disrupts microtubule function and results in mitotic
arrest and apoptosis.'?*™*?’

Vinblastine and vincristine were isolated from the leaves of
Catharanthus roseus in 1958 and 1961,"***° respectively, and
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Fig. 8 Representative vinca alkaloids and related derivatives used as
antitumor drugs and their ring lettering and carbon numbering system.

their absolute configuration was determined by X-ray crystallo-
graphy in 1965."*! Both vinblastine and vincristine possess an
upper velbanamine subunit and a lower vindoline or vindo-
line-derived subunit. For vinblastine, the lower vindoline
subunit contains a pentacyclic skeleton (ABCDE rings), which
bears six contiguous stereocenters on ring C with two quatern-
ary chiral centers. The upper velbanamine subunit is com-
posed of four rings, including one 9-membered ring C'. There
are three stereocenters in the upper subunit, including the
C16' quaternary chiral center resulted from the linkage
between the two subunits. The pharmaceutical importance
combined with their intriguing structural features make this
kind of alkaloid attractive synthetic targets, and great endea-
vors from the synthetic community in the past several decades
have resulted in several elegant total syntheses of vinblastine
and vincristine. These strategies are discussed in the following
section.
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5.1 Total synthesis of vinca alkaloids

5.1.1 Potier and Kutney’s total synthesis of (+)-vinblastine.
Inspired by the proposed biogenetic pathway for the synthesis
of vinblastine, Potier and Kutney developed a pioneering strat-
egy for direct coupling of catharanthine (142) with vindoline
(144), which are the precursors of vinblastine
(Scheme 15).**"*** In their synthetic design, catharanthine
(142) was first oxidized to N-oxide 143, which underwent frag-
mentation to give bis-iminiumion 145 through a TFAA-pro-
moted Polonovski reaction. Then, the coupling of 145 with vin-
doline (144) successfully produced iminiumion 146 with the
desired stereoconfiguration at C16'. Careful examination of
reaction parameters showed that the C16’ diastereoselectivity
was temperature- and concentration-dependent: low tempera-
ture and high concentration gave better diastereoselectivity."*>

Potier and Kutney applied different strategies for the trans-
formation of iminiumion 146 into vinblastine (137). In
Kutney’s one-pot operation, a 1,4-reduction of 146 with the
carefully designed reductant 147 yielded enamine 148, which
was successfully oxidized with O, in the presence of FeCl; to
establish the C20’ hydroxy group.'** Potier’s 1,2-reduction of
iminiumion 146 with NaBH, produced anhydrovinblastine
149, which is a naturally occurring vinca alkaloid.
Hydrogenation of the C15-C20" double bond and oxidation
gave 150. The following Polonovski reaction transformed 150
into enamine 148. Installation of the C20’ hydroxy group was
achieved through TI(OAc); mediated oxidation followed by
reduction with NaBH,.'**

5.1.2 Kuehne’s total synthesis of (+)-vinblastine. Kuehne’s
enantioselective synthesis of vinblastine commenced with the
construction of the chiral aldehyde 152 through catalytic asym-
metric Sharpless epoxidation (Scheme 16)."*>"*® A Pictet-
Spengler reaction between 152 and indoloazepine 151 pro-
duced the bridged azepines 153, which underwent benzylation
and subsequent rearrangement via proposed intermediate 154
to give tetracyclic compound 155 with 1:1 dr. It should be
noted that the diastereoselectivity of this transformation could
be improved to 4:1 dr when 152 was condensed with 162
which contained a chiral naphthylethyl group. Chlorination of
156 with tert-butyl hypochlorite provided imine compound
157, which coupled smoothly with vindoline (144) in the pres-
ence of AgBF, to give 158 with the desired stereoconfiguration
at C16'. KBH,-mediated reductive ring-opening of 158 provided
tricyclic compound 159, which possessed the 9-membered
ring C'.

The final D' ring of the upper unit was constructed by
heating the precursor tosylate 159 in MeOH at reflux for 48 h.
It is worth noting that no cyclized product was found when
159 was heated in toluene at reflux for two weeks.
Hydrogenolytic debenzylation followed by removal of the TMS
group led to a higher energy atropisomer of vinblastine, which
was transformed into vinblastine (137) by heating at reflux in
toluene. An alternative reaction sequence including the
epoxide intermediate 161 can also transform 159 into vinblas-
tine (137).
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5.1.3 Magnus’ total synthesis of (+)vinblastine. In
Magnus’ total synthesis of vinblastine (137), condensation of
L-tryptophan (163) with diester ketone 164 produced the tetra-
cyclic lactam 165 through Pictet-Spengler reaction
(Scheme 17)."*” Aldol condensation of 166 with chiral alde-
hyde 167 provided 168, which could be converted to 169 with
the required C14' stereo configuration after dehydration, desul-
furization, and hydrogenation. When 169 was treated with
CICO,CH,CgH4NO,-p, carbamate formation followed by frag-
mentation led to delocalized carbocation 170, which was
trapped by vindoline (144) to give the coupled product 171.
Their study showed that the stereochemistry of the newly gen-
erated C16’ chiral center was influenced by temperature, reac-
tion solvent, and nucleophilicity of the aromatic partner. The
best diastereoselectivity could be achieved in a ratio of 84:16
(C16' S/R) when the reaction was run in CH3;CN/H,O (15:1) at
—15 °C. Hydrolysis of 171 followed by mono-oxidation of the
diol and subsequent cyclization through reductive amination
provided vinblastine (137).

5.1.4 Fukuyama’s total synthesis of (+)-vinblastine.
Fukuyama’s total synthesis of vinblastine started with the
enantioselective synthesis of the lower (—)vindoline (144)
subunit (Scheme 18)."**'*° Ring-opening of 7-mesyloxyquino-
line (173) with thiophosgene followed by reduction with
NaBH, provided isothiocyanate 174, which was transformed
into thioanilide 175. Following the protocol developed in their
laboratory, 175 was converted to indole compound 176
through radical-mediated cyclization. Further elaboration of

This journal is © the Partner Organisations 2022
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176 led to 177, which was transformed into pentacyclic com-
pound 178 upon hydrolysis in the presence of TFA followed by
removal of DNS protection and subsequent -cyclization.
Further manipulations including dehydration to construct the
C14-C15 double bond, and introduction of the C16 and
C17 hydroxy groups successfully provided (—)-vindoline (144).
The synthesis of the upper subunit also relied on a radical-
type indole synthesis method developed by Fukuyama and co-
workers to provide epoxide 180, which was a precursor of the
eleven-membered-ring compound 181. When treated with tert-
butyl hypochlorite, 181 was smoothly converted to chloroindo-
lenine 182, which was coupled with (—)-vindoline (144) in the
presence of TFA to yield 183 with the desired stereoconfigura-
tion at C16'. It is worth noting that the diastereoselectivity of
this transformation was very high and no other stereoisomer
was found. The final D’ ring was synthesized through de-
protection of the tertial alcohol, removal of the Ns protection,
and subsequent cyclization. This strategy was also applied to
the synthesis of (+)-vincristine and vinblastine derivatives in
the Fukuyama laboratory."****!

5.1.5 Boger’s total synthesis of (+)-vinblastine. Boger’s
concise synthesis of vinblastine utilized a powerful cascade
cycloaddition reaction developed in their laboratory.'*>'*?
When heated at a high temperature, the advanced intermedi-
ate oxadiazole 184 underwent an inverse electron demand
Diels-Alder reaction to give 185, which was transformed into
the bridged cycloadduct 187 after the loss of N, and sub-
sequent 1,3-dipolar cycloaddition (Scheme 19). It should be
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noted that this elegant cascade cycloaddition reaction con-
structed four C-C bonds and three rings concomitant with the
establishment of the six stereocenters with high diastereo-
selectivity. Hydrogenolytic cleavage of the oxygen bridge in 188
followed by silyl ether cleavage and subsequent dehydration
under Mitsunobu reaction condition successfully produced
(-)-vindoline (144). The following Fe(m)-mediated coupling of
(=)-vindoline (144) with catharanthine (142) and installation of
C20" alcohol successfully produced vinblastine (137).
According to their preliminary mechanistic studies, a plausible
radical pathway was proposed for the coupling reaction: in the
presence of FeCl;, 142 was oxidized to radical cation 189,
which underwent radical addition to the aromatic ring of vin-
doline at C10 to yield 190."** Further oxidation for rearomati-
zation and subsequent reduction of the iminiumion provided
anhydrovinblastine (149). They also proposed another Fe(u)-
mediated radical pathway for the installation of a hydroxy
group at C20.'*> They applied this elegant strategy to the
syntheses of vinblastine-related natural products and
analogs.'**'**

5.1.6 Jiang’s total synthesis of (+)-vinblastine. Jiang’s total
synthesis of vinblastine started with inverse-electron-demand
Diels-Alder cycloaddition of pyrone 191 with chiral enamide
192 to give bridged lactone 193, which constructed the C20
and C21 chiral centers (Scheme 20)."*® Further manipulations

This journal is © the Partner Organisations 2022

MeO,&' vindoline O

MeO,C ~0Ts
181
t-BuOCI
DCM, 0°C
Ns
o Cl N
OTFA vindoline (144)
TFA
Et DCM, 0°C to rt

on 193, including decarboxylation, reductive ring-opening,
installation of the ester group, and oxidation, led to
a,p-unsaturated ketone 194. A challenging Fischer indolization
on 194 for the introduction of the A/B rings and the C7 qua-
ternary chiral center was optimized to give tetracyclic com-
pound 196 with excellent diastereoselectivity and regio-
selectivity. Pd(0)-catalyzed installation of the ester group pro-
vided 197, which was transformed into pentacyclic compound
198 through a Pd/C-catalyzed one-pot cascade reaction includ-
ing lactamization to construct ring D. Reintroduction of the
C14-C15 double bond and reduction of the amide produced
199, which was an advanced intermediate in Fukuyama’s total
synthesis of (—)-vindoline (144)."** Coupling of vindoline with
catharanthine (142) following Boger’s protocol successfully
provided vinblastine."*?

5.2 Structure-activity relationships of vinblastine derivatives

Extensive SAR studies on vinblastine and related natural or
synthesized derivatives led to the approval of several important
antitumor drugs, some of which are listed in Fig. 8. However,
the emergence of drug resistance caused by overexpression of
the drug efflux pump phosphoglycoprotein (Pgp) calls for
more potent vinblastine derivatives to be synthesized and eval-
uated in the future. Since several review papers have given a
detailed summary of the SAR results,"*”*° we briefly discuss
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Fig. 9 SAR studies of vinblastine-related compounds.

research progress achieved in recent years, especially those in
Boger’s laboratory (Fig. 9 and Table 1).

Although substitution at the C12’ position of ring A’ in the
upper velbanamine subunit (200 and 201) often led to reduced
activity, substitution at the C10' gave promising candidates.

Table 1 Cytotoxicities of vinblastine and related derivatives to three
carcinoma cell lines?

ICs (nM)
Entry Compound L1210” HCT116”  HCT116/VM46”
1 Vinblastine (137) 6.0 6.8 6.0 x 10>
2 200 50 65 7.3 x10%
3 201 3.3x10>  22x10*  5.0x10°
4 202 0.70 0.80 80
5 203 6.2 7.6 7.2 x 10*
6 204 50 50 7.8 x10%
7 205 6.3 x 10” 6.2 x 10> >1.0 x 10*
8 206 - 60 6.0 x 10*
9 207 — 6.0 x 10> >1.0 x 10*
10 208 — 90 7.5 x10°
11 209 40 7.5 4.4 x10°
12 210 - 0.82 5.3 x 10*
13 211 5.9 2.8 80
14 212 0.51 0.60 7.5
15 213 60 70 8.3 x 10?
16 214 6.3 x 10” 6.7 x 10> 7.4 x10°
17 215 >1.0x10* >1.0x10* >1.0x 10"
18 216 6.5 x 10° 5.8 x 10° >1.0 x 10*
19 217 5.7 x 10° 7.4 x10° >1.0 x 10*
20 218 55 80 9.0 x 10%
21 219 5.6 x 10” 80 7.8 x10°
22 220 7.2 6.5 4.5 x 10?

“Values given are ICs, in nM and original activity data can be found in
ref. 150-155. ?L1210: murine leukemia cell line; HCT116: human
colon cancer cell line; HCT116/VM46: resistant human colon cancer
cell line, Pgp overexpression.
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Applying their one-pot Fe(u)-mediated coupling and oxidation
reaction, Boger and co-workers synthesized a series of vinblas-
tine derivatives including the C10™-substituted ones.'>" These
derivatives exhibited activity that correlated with the size and
shape of the substituents: 10’-chlorovinblastine 203 matched
the potency of vinblastine; 10-fluorovinblastine 202 exhibited
an 8-fold increase in activity against both a sensitive (HCT116)
and a vinblastine-resistant tumor cell line (HCT116/VM46); in
contrast, derivatives bearing the larger (SMe, 204) or rigidly
extended (CN, 205) substituents were 10-100-fold less potent.
According to the X-ray structure of vinblastine bound to
tubulin'®” and the results of activity assays, the authors pro-
posed that the 10-fluorine substituent interacts with the
protein at a hydrophobic site uniquely sensitive to steric
interactions.'>"

Initial substitution of the C20" hydroxy group with a hydro-
gen atom (206) or free amine (207) gave derivatives with less
potency.">>'>® Acetylation of the free amine (208) resulted in
activity improvement, and a derivative with the urea group
(209) showed comparable potency with vinblastine. However,
these derivatives exhibited a further decrease in activity
against a resistant HCT116/VM46 cell line compared with vin-
blastine. Further substitution of the terminal nitrogen led to
improved activity against both sensitive and resistant cell lines
(210 and 211). Finally, they found that the isoindoline-substi-
tuted compound 212 exhibited a 10-fold increase in activity
against the sensitive HCT116 cell line and an 80-fold increase
in activity against the resistant HCT116/VM46 cell line.

Replacement of the C16’ methyl ester with an ethyl ester
(213), a cyano group (214), a primary carboxamide (215), or a
hydroxy group (216) dramatically reduced the activity against
both sensitive and resistant cell lines."”* Derivatives (217-220)
containing 6,6-, 5,5-, and 5,6-membered DE ring systems,
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instead of the vindoline 6,5-DE ring, were synthesized."”
Among these analogs, 220 and 218 matched the potency of vin-
blastine and C17-deacetoxyvinblastine, respectively. Studies
also showed that the N1-methyl group, C20 ethyl group, C14-
C15 double bond, and C11 methoxy group were all essential to
vinblastine’s cytotoxic activity.'>°

6. Taxol

One of the most famous natural taxane products, taxol (221,
paclitaxel) was first isolated from the stem bark of Pacific yew
by Wall and Wani in 1966, and in 1971 its complex structure
was elucidated by NMR techniques and X-ray crystal structural
analysis as a diterpenoid with a unique 6-8-6 tricyclic carbon
skeleton bearing 11 stereocenters, an unusual oxetane ring,
and a p-phenylisoserine chain ester at C13 (Fig. 10)."® Because
of its potent anticancer activity, the worldwide academic and
industrial research communities have developed different
taxane agents for clinical use in the treatment of various
cancers, including the marketed Taxol® and Anzatax®, as well
as the synthetic structural derivatives under the tradenames
Taxotere®, Jevtana®, and Abraxane®. In addition to its unique
structure, taxol also demonstrates modes of action different
from those of known anticancer agents. Mechanistic studies
showed that during cancer cell mitosis, taxol diffuses through
nanopores in the microtubule to bind the p-tubulin subunit
on the inner surface of the microtubule, thereby inhibiting the
microtubule depolymerization process and arresting the cell in
the late G,/M phase, which blocks the cell division and leads
to apoptosis. Cancer cells are believed to have a higher cell
division rate than “normal” cells; therefore, they are more sen-
sitive to taxol.">”""*® As observed for other target-specific anti-
cancer drugs, the mechanism of action discussed above and
the long-term use as a first-line treatment have given rise to re-
sistance against taxane anticancer agents. The actual resis-
tance mechanisms are unclear, even though many of these
mechanisms have been uncovered in different cell lines. For
example, the over-expression of the mdr1 gene gives rise to the
drug efflux of the membrane-bound P-glycoprotein. The abnor-
mal expression of microtubule-associated proteins leads to
drug resistance.

Scarcity of the natural resources of taxane entities hampers
the development of taxane-derived anticancer agents, and
scientists from academia and industry never stop procuring
the taxane products on an industrial scale. Research groups

taxol (paclitaxel, 221)

Fig. 10 The structure of taxol.
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around the world have been working on the synthesis of
taxanes and testing accessible synthetic strategies for the con-
struction of the 20-carbon skeleton of the taxane family.

6.1 Total synthesis of taxol

6.1.1 Holton’s total synthesis of taxol. In 1994, nearly three
decades after the discovery of taxol (221), Holton’s group
reported the first total synthesis strategy using the readily
available camphor derivative 222 as a starting material
(Scheme 21)."°%'®! This derivative underwent epoxidation and
alcohol fragmentation followed by protection at C13 to con-
struct the B ring of taxusin intermediate 223, which was sub-
jected to the aldol condensation and a series of oxidations and
reduction to give 224 with a ketocarbonyl at C2. With ketone
224 in hand, Chan’s rearrangement in the cyclic system was
applied to produce trans-fused hydroxy lactone 225 in the pres-
ence of LTMP at low temperatures. Then, multi-step transform-
ations gave rise to intermediate 226, which was converted to
the C ring-fused enol ester 227 through Dieckmann cycliza-
tion. Subsequent decarbomethoxylation and oxidation at C5
and the introduction of C4/C20 dihydroxys led to 228, which
was further converted to the D ring-attached precursor 229.
Additional functionality interconversions produced 7-BOM
baccatin III 230, which was lithium alkoxided and treated with
p-lactam 231 to successfully produce taxol (221) after de-
protection of C7 BOM.

6.1.2 Nicolaou’s total synthesis of taxol. Soon after
Holton’s report, significant work on the total synthesis of taxol
from Nicolaou and co-workers was published.'®* In their strat-
egy (Scheme 22), two pivotal intermediates, 234 and 237, with
the ring A and ring B present in taxol, were both prepared by
Diels-Alder cyclization between commercially available 232
and 233 and between 235 and 236, respectively; 234 and 237
were further decorated with functional groups. Then, they were
subjected to Shapiro coupling to obtain a single diastereo-
isomer of hydroxy compound 238, which underwent epoxi-
dation, regioselective reduction, deprotection, and oxidations
to create dialdehyde 239. Subsequent optimal McMurry coup-
ling resulted in the construction of the taxoid 6-8-6 ring skel-
eton 240 with 23% yield, and the configurations of the newly
generated centers were confirmed by X-ray crystallographic
analysis. After hydroboration-oxidation and interconversion of
protecting groups, the important intermediate 241 with trihy-
droxy installed at C4, C5, and C20 was produced. During the
next stage, the oxetane ring was built by sequential monosilyl-
ation of the primary hydroxy, triflation of the second hydroxy
at C5, and acid treatment to produce a tetracyclic ring system.
The allylic oxidation at C13 and benzoylation of C2-OH gener-
ated 7-TES-baccatin III 243, which was subjected to the proto-
col they previously reported using NaHMDS for C13 alkoxida-
tion and consecutive treatment with p-lactam 231 to finally
produce taxol (221).'%?

6.1.3 Danishefsky’s total synthesis of taxol. Different from
the approaches previously reported, in which oxetane was con-
structed at a later stage, Danishefsky and co-workers prepared
it at the beginning of their strategy using partially protected

This journal is © the Partner Organisations 2022
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triol 246, which was obtained from a Wieland-Miescher ketone
(Scheme 23)."°* With the intermediate 247 in hand, additional
functionalization led to the B ring precursor 248, which
coupled with 245 derived from dione 244 to give rise to a
single carbinol 249. After a series of conversions including
epoxidation, hydrogenation, deprotection, and Wittig olefina-
tion, the precursor of cyclization 250 was obtained. In the next
phase of synthesis, the intramolecular Heck reaction was
employed to construct the tetracyclic skeleton 251, which was
converted to the building block 243 used by Nicolaou through
successive oxidation and protection reactions. By following
previously described protocols for the final steps, the total syn-
thesis of taxol was completed.

6.1.4 Wender’s total synthesis of taxol. The synthesis strat-
egy from the Wender team used verbenone 252, the air oxi-
dation product of pinene, as the starting material
(Scheme 24).'°>'°® Reactions consisting of the major trans-
formations of alkylation, photorearrangement, and nucleophi-
lic addition produced the subunit tricyclic 253 as a supplier of
the A-B ring system and source of chirality of the taxol core.
Then, 253 was successfully converted to the A-B bicyclic
ketone 254 via hydroxy-epoxide fragmentation induced by
DABCO. After installation of the hydroxy at C1 and the alkyl
with aldehyde group at C4, the intermediate 255 was subjected
to intramolecular aldol cyclization in the presence of DMAP to
construct the C ring. In the next phase, compound 256 under-
went stereoselective bromination at C5 and dihydroxylation at
C4/C20 to give rise to precursor 257, which directly closed to
afford compound 258 with the D ring. After the protecting
group interconversions, baccatin III (259) reacted with
f-lactam 231 following previously reported procedures to
produce the target taxol (221).

6.1.5 Kuwajima’s total synthesis of taxol. In the strategy
developed by Kuwajima’s group (Scheme 25),'%”"'%® the starting
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materials 261 and 263, which were used as suppliers of the A
ring/C2/C10 and C ring/C9, were prepared from compounds
260 and 262, respectively. In the presence of Mg(u) ions, the
coupling reaction of 261 with the lithiated 263 yielded a single
diastereoisomer, which was converted to the cyclization pre-
cursor 264 through the protection of the newly produced
vicinal diol as a boronate. Several Lewis acids were optimized
to induce cyclization, and, finally, TiCl,(OiPr), was selected as
the most powerful one for the construction of the B ring. This
step was followed by the removal of a protecting group, gener-
ating the tricarbocycle 265. After generation of hydroxy at C7
and ketocarbonyl at C4, cyclopropanation of the double bond
between C3 and C8 was induced to give cyclopropyl ketone
266, which was exposed to the SmI,/HMPA/methanol reductive
system to smoothly produce 267 with a newly angled methyl
group at C8. Functionalizations of 267 generated 268 as the
precursor of oxetane, and in the presence of DBU, the tetra-
cycle 269 was generated. In the final phase, Kuwajima and col-
leagues also applied previously reported protocols with some
modifications to finish the total synthesis of taxol (221).

6.1.6 Mukaiyama’s total synthesis of taxol. In 1999,
Mukaiyama’s group applied a novel approach to taxol using
optically active polyoxy linear unit 272 to prepare the B ring of
taxol at the early stage of the plan (Scheme 26)."*® The cyclic
precursor 272 prepared from amino acid 271 by repeated inter-
molecular aldol reactions, was converted to the 8-membered
ring smoothly in the presence of Sml,, and followed by de-
hydration, a,p-unsaturated cyclooctanone 273 was provided.
Introduction of the alkyl aldehyde at C3 produced 274, which
was converted into the desired bicyclic compound 275 by the
intramolecular aldol reaction in the presence of NaOMe. After
transformations of the functional groups and protections of
newly formed hydroxy groups, diketone 276 was given and it
subsequently was subjected to the intramolecular pinacol

This journal is © the Partner Organisations 2022
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coupling reaction to produce the desired pinacol 277 in the
presence of low valent titanium. At the next stage, the proto-
cols used previously were applied here to get taxol (221).

6.1.7 Baran’s total synthesis of taxol. Except for the formal
syntheses of taxol reported by Takahashi,'”® Nakada,'”" and
Chida,"”>'”® no synthetic approach was reported in the past
two decades before Baran’s work. The conventional convergent
approaches to taxol proved not to be practical in the pharma-
ceutical industry; on the contrary, the relatively linear natural
route used to synthesize taxol is efficient and the oxidation
sequence of taxol biosynthesis could produce more natural
analogs of taxol.””*'”> Inspired by the taxol biosynthetic
approaches, including the generation of C-C bonds by the first
type of enzymes in a “cyclase-phase” and installation of C-O
bonds by the second type of enzyme in an “oxidase-phase”,
Baran’s team presented a two-phase synthesis scheme for
taxol."’®'”” As shown in Scheme 27, in the first “cyclase
phase”,'”® the cyclization precursor 280 was prepared on a dec-
agram scale by the Lewis acid-modified organocopper 1,6-
addition of known compounds 278, 279, and a subsequent
aldol reaction and oxidation. With mixture 280 in hand, the
tricyclic intermediate 281 was generated in the presence of
BF;-OEt,. At the beginning of the “oxidase phase”, regio-
selective allylic oxidation was more feasible at C13 than at C10
in the presence of the Cr(v)-based oxidant. After bromination
at C5, compound 283 experienced radical oxidation and
nucleophilic substitution at C10 to generate 284, which was
subjected to sequential elimination of C5 bromide, the
addition of MeMgBr at C4, and reduction of the C2 and C13
ketone groups accompanied by TBS installation to give the oxi-
dation precursor 285. The oxidant DMDO was employed to
produce the epoxy-triol 286 using CHCI; as an optimal solvent,
followed by TPAP-mediated oxidation of C2 to afford 287,
which was reduced using Na/i-PrOH and exposed to triphos-
gene to produce carbonate 288. After sequential iodine-oxi-
dation in the presence of TBAI/BF;-OEt, and elimination and
epoxidation by DMDO, 288 was converted to epoxy-taxane 289.
After the reductive opening of epoxide, BOM protection, and
Burgess dehydration of C4, allylic alcohol 290 was generated in
moderate yield. The intermediate with a hydroxy group acti-
vated by MsCl at C5 was unstable and immediately exposed to
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0Os0, to obtain the oxetane precursor 291, which was subjected
to oxetane ring formation to generate tetracyclic carbonate
292. Then, (PhSe0),0 was applied to introduce a hydroxy
group at C9 in the present of +-BuOK to deliver 293. Finally,
synthesis of the target molecule 221 was achieved using pre-
viously reported protocols.

6.2 Structure-activity relationships of taxol derivatives

The discovery of taxol as one of the most potent anticancer
agents spurred a large number of academic and industrial
researchers to investigate the SAR for identifying lead com-
pounds with drug-likeness potential. However, the complex
structure of taxol, a heavily oxygenated polycyclic diterpenoid,
presents a huge challenge for pharmaceutical studies that call
for a substance-rich library. A number of studies have uncov-
ered the still-incomplete SAR information about taxol. This
information has been described by several reviews,”?'®* and
is summarized here in Fig. 11.

Studies on the modifications at C1, such as removal and
esterification, revealed that the C1-OH is not essential for the
activity of taxol."®! In addition, C7-OH, C9-C=0, and C10-OAc
play insignificant roles in the anticancer activity of taxol.'8> %
SAR studies have shown that the benzoyl group at C2 is necess-
ary for activity; 2-deoxy-taxol displayed decreased antitumor
activity,"®” and 2-benzoate analogs did not lead to any remark-
able improvement in biological activity in a microtubule assay
or cytotoxicity test.'®® The acetoxy group at C4 was also demon-
strated to be essential for activity, and the analog 4-deoxytaxol
was inactive on several tumor cell lines.'”®'°" However,
oxetane plays a critical role in the bioactivity of taxol, and
analogs in which the oxygen atom was replaced by nitrogen,
sulfur, or other heteroatoms did not significantly enhance
antitumor activity,'%*'

SAR studies revealed that the N-benzoyl-f-phenylisoserine
side chain is essential for the antitumor activity of taxol, and
this chain has attracted more extensive investigation than any
other functional group of taxol.">*'®®* A number of analogs
with a modified side chain exhibit stronger activity than taxol,
some of which are listed in Fig. 12, including two marketed
drugs, docetaxel (Taxotere®, 1995) and cabazitaxel
(Jevtana®, 2010).
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Fig. 11 Structure—activity relationships of taxol.

7. Artemisinin

(+)-Artemisinin (QingHaoSu) (Fig. 13, 5), the most used drug
against malaria worldwide, was isolated from the traditional

This journal is © the Partner Organisations 2022
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TBAI, BF;+OEt,

then 2-Fpyr;
TBSQ " Tthen TMSimid;
then DMDO
OBOM
MsClI
TBSO!"

“/OH then OsOy

Chinese medicine plant Artemisia annua L. in 1972 by Youyou
Tu, who shared the 2015 Noble Prize for this discovery,'®® and
(+)-artemisinin-based combination therapy is advocated by
WHO. Artemisinin is a sesquiterpene lactone, and its structure
is characterized by a unique 1,2,4-trioxane moiety, a pharma-
cophore that is a necessary endoperoxide bridge for the devel-
opment of novel antimalaria drugs through semisynthesis of
(+)-artemisinin. So far, pharmacological studies have not fully
elucidated the exact mechanism of action of (+)-artemisinin,
which is believed to be a pro-drug of carbon-centered free
radical that plays a substantial role in antimalarial produced
by cleavage of its endoperoxide ring inside erythrocytes. Upon
bio-activation, the binding of (+)-artemisinin with low valent
ions in hemin leads to reduction of the endoperoxide ring to
produce an O radical, which subsequently generates a carbon
free radical. This free radical is suggested to alkylate heme in
the late stage of the parasite life cycle and react with reduced
glutathione (GSH) in the early life-ring stage, after which cellu-
lar targets are selectively damaged.***>°> Due to its different
mechanism of action, (+)-artemisinin shows higher efficacy
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R2= t-Bu
Cyclohexyl

OH (:)Bz OAc

Fig. 12 Examples of potent taxol analogs.

o}
artesunate (295)

arthmether (296)

Fig. 13 (+)-Artemisinin and its derivatives.

against multi-drug-resistant malaria compared with the old
antimalarial agent quinine and synthetic drug chloroquine.
However, along with the widespread use of (+)-artemisinin-
based combination therapy in the world have come reports of
resistance from different regions. The mechanism of artemisi-
nin-resistance is unclear enough and mainly attributed to the
C580Y mutation in Kelch13 (K13) of parasites, and associated

542 | Org Chem. Front, 2022, 9, 517-571

2,2-dimethylcyclopropanyl

Cyclohexyl

R3= Cyclopentenyl
Cyclohexyl
t-BuO
(CH3),CH=CH,

R*= j-BuO n-BuO
n-hexyloxy  t-amyloxy
t-Bu t-Bu-CH,

= o t-Bu-NH t-Bu-NHCS
PhO PhNH

elevation of the lipid product phosphatidylinositol-3-phos-
phate (PI3P). It may influence host remodeling, functions of
the apicoplast and food vacuole, all of which protect the para-
206.207 Therefore, there is
an urgent need to develop novel drugs with new chemical
scaffolds and, of course, different mechanisms of action would
be excellent. But (+)-artemisinin is still sourced from plants
with low yield, which limits the development of more efficient
drugs. Therefore, exploring chemical synthesis methods,

sites against artemisinin challenge.

especially for the total synthesis of (+)-artemisinin, is impor-
tant for academia and the pharmacy industry.

7.1 Total synthesis of artemisinin

7.1.1 Schmid and Hofheinz’s total synthesis of (+)-artemi-
sinin. In the half-century since the discovery of (+)-artemisinin
as an antimalarial drug with an unprecedented endoperoxide
bridge structure, more than ten teams have completed its total
synthesis.?°®?%° In 1983, scientists from Roche, Schmid and
Hofheinz, first reported a 13-step route to synthesize artemisi-
nin using (—)-isopulegol (297) as a starting material
(Scheme 28).>'° The alkylated menthone 298 was obtained
from 297 with a 6:1 diastereomeric ratio in five steps of pro-
tection, oxidation, and alkylation reactions. Following the
nucleophilic addition of a substituted trimethylsilane reagent,
accompanied by deprotection and oxidation, enol ether 299

This journal is © the Partner Organisations 2022
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O
(+)-artemisinin (5)

Scheme 28 Total synthesis of (+)-artemisinin by Schmid and Hofheinz.

was generated after desilylation. With the key intermediate 299
in hand, photooxygenation was carried out at —78 °C, and the
crude oxidation mixture was treated with acid; the target
(+)-artemisinin (5) was achieved in 30% yield after
crystallization.

7.1.2 Zhou’s total synthesis of (+)-artemisinin. Three years
later, Zhou and co-workers finished the total synthesis of
(+)-artemisinin using R-(+)-citronellal (301) as raw material
(Scheme 29).>'" R-(+)-citronellal (301) was subjected to two
intramolecular cyclizations to produce o,p-unsaturated ketone
302, which was converted to aldehyde-ketone 303 via eight
consecutive steps. Subsequently, enol ether 304 was afforded

H i
5 steps i 8 steps
- ——— ——
(¢} | o)
BnO
(+)-citronellal (301) 302

Oy, hv

(+)-artemisinin (5)

Scheme 29 Total synthesis of (+)-artemisinin by Zhou.

This journal is © the Partner Organisations 2022

View Article Online

Review

by protecting group manipulations and the condensation of
aldehyde carbonyl with trimethyl orthoformate.
Photooxidation of the methanolic solution of 304 in the pres-
ence of oxygen and Rose Bengal at —78 °C provided intermedi-
ate 305, which was hydrolyzed in 70% HCIO, to give (+)-artemi-
sinin (5) in 28% yield.

7.1.3 Avery’s total synthesis of (+)-artemisinin. Soon after
Zhou’s work, Avery and co-workers reported their method for
the total synthesis of (+)-artemisinin (Scheme 30).>'*> The
known chiral sulfoxide 306 was used as the starting material,
and five conversion steps gave rise to the diastereomerically
pure silyl-acetate 307, which was converted to the cyclohexyl-
acetate 308 by the exclusive Ireland-Claisen ester enolate
rearrangement in the presence of lithium
N-isopropylcyclohexylamide (LICA) as the base. Successive
methylation, hydrolysis, and deketalization reactions gener-
ated the desired keto-acid 309. After exposure of the keto-acid
309 to ozone at —78 °C, the crude product was acidified with
trifluoroacetic acid (TFA), and the synthesis of artemisinin was
finished in a total of 12 steps. In 1992, Avery and co-workers
completed the stereoselective total synthesis of 5 again, utiliz-
ing an optimized strategy with 10 steps.>"?

7.1.4 Ravindranathan’s total synthesis of (+)-artemisinin.
In 1990, Ravindranathan and co-workers utilized commercially
available monoterpene (+)-car-3-ene as raw material to prepare
the precursor enol ether 310, which was subjected to high
temperature for 3 days to undergo an intramolecular Diels—
Alder reaction, generating an epimeric mixture of ether 311 in
a ratio of 3:2 (Scheme 31).>'* After sequential oxidations,
hydrolysis and methylation, the ketone-aldehyde 312 Zhou
reported previously was obtained, and, followed by Zhou’s pro-
tocol, the synthesis of (+)-artemisinin (5) was completed.

LICA, THF
-78°C

308

1) O3, MeOH, -78°C
2) CHCl3, TFAHH,0

(o]
(+)-artemisinin (5)

Scheme 30 Total synthesis of (+)-artemisinin by Avery.
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Scheme 31 Total synthesis of (+)-artemisinin by Ravindranathan.

7.1.5 Liu’s total synthesis of (+)-artemisinin. As shown in
Scheme 32,>"® the total synthesis of (+)-artemisinin by Liu and
co-workers began with a ZnCl,-catalyzed intermolecular Diels—
Alder addition of (+)-enone ester 313, followed by photooxy-
genation in the presence of 5,10,15,20-tetraphenyl-21H,23H-
porphine and oxygen to give enedione 314, which was sub-
jected to protection, fragmentation of the cyclobutane ring,
and a Wittig reaction to generate a mixture of enone ethers
(315). After nine conversion steps, including deprotection,
reduction, a Mitsunobu reaction, and selective hydroboration-
oxidation reaction, the ester 316 was obtained as a single
stereoisomer. Finally, Schmid and Hofheinz’s protocol for
photooxygenation was applied to finish the preparation of 5.

(o]
CO,Me . (o}
1) ZnCl,, isoprene 5 steps
2) TPP, Oy, DCM, hv -

Ac,0, pyridine, DMAP

313 314
MeO
/> 9 steps
S —
Th
315 H o 316

3 steps

—_—

0]
(+)-artemisinin (5)

Scheme 32 Total synthesis of (+)-artemisinin by Liu.
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7.1.6 Bhonsle’s total synthesis of (+)-artemisinin. In
Bhonsle and co-workers’ synthesis strategy (Scheme 33),*'°
(=)-menthol (317) was used as the starting material to prepare
318 by Jones oxidation, a-formylation, condensation with ethyl
acetoacetate, epoxidation, and regioselective reductions, along
with chemoselective acetylation. With intermediate 318 in
hand, photooxygenation in the presence of lead tetraacetate and
I, was used to generate 319 as a major isomer. Next, alcohol 320
was obtained by consecutive saponification, oxidation, nucleo-
philic addition, and dehydration. Then, the natural product 5
was achieved using previously reported methods.

7.1.7 Constantino’s total synthesis of (+)-artemisinin. In
1996, Constantino and co-workers presented the total syn-
thesis of 5, also using (—)-isopulegol (297) as the starting
material (Scheme 34).*'7 In their strategy, diketone was
obtained through oxidations and alkylation, and after conden-
sation, dehydration, and some of the procedures from
Bhonsle’s work, acid 323 was generated and synthesis of
(+)-artemisinin was achieved using a photooxygenation and

7 steps 1) Pb(OAC)y, 15, hv
HO — 2) Zn, ACOH
(-)-menthol (317) 318

8 steps 1) Oy
AcO 2)Zn

319

1) Oy, hv
2) TMSOTY
3) RuCly, NalO,

(o}
(+)-artemisinin (5)

Scheme 33 Total synthesis of (+)-artemisinin by Bhonsle.

7 steps 3 steps
HO™ o -

(-)-isopulegol (297)

H :

1) O,, hv
—_—— =
TH  2) TFA, air

HO,C
323 (+)-artemisinin (5)

Scheme 34 Total synthesis of (+)-artemisinin by Constantino.
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additional oxidation by oxygen in the presence of trifluoroace-
tic acid.

7.1.8 Yadav’s total synthesis of (+)-artemisinin. In 2003,
Yadav and co-workers reported the total synthesis of natural
product 5 in 11 steps using (+)-isolimonene 324 as a raw
material (Scheme 35).>™® In their strategy, an intermolecular
radical reaction on the intermediate iodolactone 325 and a
Wittig reaction on a ketone 327 were critical transformations.
After deprotection and photooxygenation, synthesis of (+)-arte-
misinin was completed using previously reported procedures.

Seven years later, Yadav and co-workers altered the syn-
thetic strategy by using (R)-(+)-citronellal 329 as a starting
material instead of (+)-isolimonene 324 (Scheme 36).>'° Their
new route involved asymmetric 1,4-addition, aldol conden-
sation, ene reaction, and regioselective hydroboration as key
steps; synthesis of target molecule 5 was finished in 11 steps.

7.1.9 Cook’s total synthesis of (+)-artemisinin. In 2012,
Zhu and Cook reported a highly efficient route for (+)-artemisi-

methyl vinyl ketone,
i AIBN, TMSH,
¢H PhMe, reflux

S
4 steps
——e PPh,yCH,OMeCl
H KHMDS, 50°C
3 steps
MeO,C o
328 (+)-artemisinin (5)

Scheme 35 Total synthesis of (+)-artemisinin by Yadav.

H

3 steps HO,, 5 steps
_ —— , .
o
(R)-(+)-citronellal (329) 330 =
= t‘ :
H B

1) O,, Rose Bengal, MeCN, -78°C, hv
“<IH 2) Oy, Cu(OTf),, MeCN, -20°C “H
<H 3) TsOH, DCM, 4h, rt

MeO,C

331 (+)-artemisinin (5)

Scheme 36 Alternative total synthesis of (+)-artemisinin by Yadav.
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nin synthesis in just five pots and a total of nine steps
(Scheme 37).>%° Their strategy began with the conversion of
the simple and inexpensive starting material cyclohexenone
332 to o,p-unsaturated aldehyde 333 in five steps, including a
one-pot conjugate addition/alkylation sequence and formyla-
tion of the sulfonylhydrazide in the presence of n-BuLi and
N,N-dimethylformamide (DMF). A [4 + 2] annulation was
explored for the installation of the six-membered lactone to
generate enol ether 334. Different from the procedure that was
previously reported, they applied a singlet oxygen generated
from the decomposition of H,0, by ammonium molybdate to
oxidize the enol ether 334 in the final step. The conditions
used for the final oxidative rearrangement to 5 were suitable
for large-scale production.

7.1.10 Giannis’ total synthesis of (+)-artemisinin and anti-
pode (—)-artemisinin. In 2018, Giannis and co-workers
reported the total synthesis of (—)-artemisinin and (+)-artemisi-
nin utilizing S-(+)- and R-(—)-citronellene (335) as starting
materials, respectively (Scheme 38).>*' After five steps, conver-
sion of S-(+)-citronellene to a triene mixture (336) was
achieved; this mixture was subjected to a thermal Diels-Alder
reaction to generate artemisinic acid derivatives 337 and 338.
Then, the alcohols of 337 and 338 were treated with Martin
sulfurane to generate o,p-unsaturated esters, which were
reduced by NiCl,/NaBH, and Li/NH; to produce esters 339 and
340, respectively. Subsequently, a previously reported pro-
cedure was applied to convert 339 and 340 to 9-desmethyl-
(-)-artemisinin, which underwent methylation to produce
(—)-artemisinin (341).

Although great advances in the total synthesis of artemisi-
nin have been made by academic researchers over the past five
decades, because of the complex structure of artemisinin and
its derivatives and the drawbacks of the expensive starting
material, long reaction routes, and excessive protecting group
operations, no synthetic strategy is economically efficient
enough for pharmaceutical industry-scale production to date.
Therefore, more efforts are needed to design a total synthesis
strategy that can be used by industry.

MeO
1) >:11L
Q Ssteps TIPSO
o Et,AICI, DCM, -78°C
2) PdCly, H,0,
332 333

1) (NH4)2M00Oy, H,0,
t-BuOH, rt, 3d
2) TsOH, DCM, rt, 3d

g

o
MeO" OTIPS (+)-artemisinin (5)
334

Scheme 37 Total synthesis of (+)-artemisinin by Cook.
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Scheme 38 Total synthesis of (—)-artemisinin by Giannis.

7.2 Structure-activity relationships of artemisinin derivatives

Since the discovery of artemisinin (5) as an excellent antima-
laria agent, the structural analogs such as dihydroartemisinin
(294), artemether (296), arteether (342), artesunic acid (295),
and sodium artesunate (343) have been investigated (Fig. 14);

OMe
artemether (296)

OH
dihydroartemisinin (294)

(0]
artesunic acid (295) sodium artesunate (343)

Fig. 14 The first-generation artemisinin derivatives.
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this is because the poor physicochemical properties of artemi-
sinin (6), including its low solubility in both oil and water, and
short half-life (¢1,), limits its first-line clinical use. A large
number of artemisinin derivatives and analogs have been
explored in systematic SAR studies as part of an effort to seek
more potential drug candidates.***>*°

In 2008, the first resistance to artemisinin was reported in
Africa. Because of its worldwide use for a long time, WHO rec-
ommends artemisinin-based combination therapy (ACT) with
different mechanisms and longer half-life instead of mono-
therapy using artemisinin to avoid the development and
spread of resistance to artemisinin. The first-generation arte-
misinin-derived analogs dihydroartemisinin (294), artemether
(296), arteether (342), artesunic acid (295), and sodium artesu-
nate (343) were prepared by semisynthetic modifications at
C10 with an acetal linkage; these analogs have improved
physicochemical properties compared with their parent mole-
cule, such as higher water-solubility. They are recommended
by WHO to be used in combination with therapies such as
ASAQ Winthrop (sodium artesunate-amodiaquine), Eurartesim
(dihydroartemisinin-piperaquine), and ASMQ (sodium artesu-
nate-mefloquine) for the treatment of malaria.

However, the drawbacks of analogs with the acid-sensitive
acetal linkage include a short half-life and neurotoxicity. To
overcome these drawbacks, the second-generation analogs
without acetal groups were designed to improve the drug-like
properties; in particular compounds 347 and 348 showed
better activity (Fig. 15).>*°

The essential role of the peroxy bridge of artemisinin, which
is the pharmacophore, in the development of antimalarials was
established early after its discovery, and it was confirmed by the
inactive analog deoxoartemisinin 349.>*" The orientation of the
peroxide bond in the chemical scaffold of analogs is also impor-
tant. For example, the tricyclic analog 350, which has a flexible

345 346

347

Fig. 15 The second-generation artemisinin derivatives.
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(0]
349

Fig. 17 Examples of peroxy bridge-containing artemisinin analogs.

peroxide ring displayed weaker antimalarial activity compared
with the parent molecule artemisinin (Fig. 16).>**

A number of semisynthetic analogs with tricyclic 1,2,4-trix-
oanes in a rigid scaffold lacking the D ring of artemisinin were
developed, and many of them exhibited potential antimalarial
activities in lower nanomolar ranges, such as analogs 351, 352,
and 353 (Fig. 17).

Most semisynthetic drug-like analogs with complex chemi-
cal scaffolds are probably not suitable for pharmaceutical
industry-scale production. The natural product yingzhausu A
(354) has an accessible endoperoxide ring and displays good
antimalarial activity. Spurred by this finding, a large number
of simple analogs with endoperoxides have been designed and
some of them display good antimalarial activity and offer great
potential as drug candidates (Fig. 18).>**>**

8. Ecteinascidins

Ecteinascidins are a family of marine natural products contain-
ing two or three tetrahydroisoquinoline subunits (Fig. 19).
Many ecteinascidin members show antiproliferative activity
against several tumor cell lines.>****® Among these bioactive
ecteinascidins, ecteinascidin 743 (Et-743, trabectedin, 357) was
approved in 2007 for the treatment of advanced soft-tissue
sarcoma and ovarian cancer, and lurbinectedin (363), one syn-
thetic ecteinascidin derivative, was approved in 2020 for the
treatment of metastatic small cell lung cancer.*”**® Et-743 was
first isolated in 1990 from a Caribbean tunicate Ecteinascidia
turbinate and its absolute stereochemistry was determined in
1992 with the help of the X-ray crystal structure of its N12-oxide
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yingzhausu A (354)
NH,
arterolane (0Z277) (356)
Fig. 18 Yingzhausu A and examples of analogs.
Et-743 (357): R = Me, R2 = OH
Et-729 (358): R' = H, R? = OH
Et-745 (359): R' = Me, R2=H

Et-770 (360): R' = Me, R2 = CN

Et-722 (361): R®*=H,R*=0OH,R®=H
Et-736 (362): R®=Me, R* = OH, R®=H
lurbinectedin (363): R® = Me, R* = OH,

R5 = OMe
7 R®
& / OMe
o ", HO Me
8
R®O 58
Me B
Et-594 (364): R = Ac, R”=R8=0
Et-552 (365): R®=H,R"=R®=0
O 3 .R6 = 7= 8
B Et-637 (366): R® = Ac, R” = H, R® = NHAc
o OH (266}

Fig. 19 Representative ecteinascidins and ecteinascidin derivatives and
their ring lettering and carbon numbering system.

derivative.***** Extensive studies of Et-743 show that this mole-
cule functions by forming covalent adducts with DNA after
binding to the minor groove of DNA and alkylating DNA at the
N2 position of guanine.**'>** The adducts can bend the DNA
structure toward the major groove,***>** disrupt the interaction
between DNA and DNA-binding proteins,**® and induce double-
strand breaks (DBSs),>*” all of which contribute to Et-743’s anti-
proliferative activity on various cancer cell lines.

However, the natural source of Et-743 is limited: only 1.0 g
of Et-743 can be isolated from about 1.0 ton of tunicate, which
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hampered its preliminary clinical studies.****® In 1996, Corey
and co-workers reported the first synthetic route for Et-743,
which was initially used for its industrial production.**® A
semisynthetic route relying on Corey’s synthetic route was
developed in 2000 for the commercial manufacture of Et-
743.>* Apart from its biological function, Et-743 also has
several structural features that make it a quite challenging but
attractive synthetic target: (1) three tetrahydroisoquinoline
moieties with different substitution patterns; (2) eight rings
including one bridged 10-membered lactone ring containing a
sulfur atom; (3) seven chiral centers including one spiro
center; and (4) a labile carbinolamine functional group.
Continuous efforts from the synthetic community have led to
outstanding achievements in the total synthesis of Et-743 and
we discuss them in the following section.

8.1 Total synthesis of Et-743

8.1.1 Corey’s total synthesis of Et-743. Corey and co-
workers achieved the first total synthesis of Et-743 and later (in
2000) they reported a more efficient synthetic route to the key

OMe
TBSO OTBS TBSO OTBS TBSO
Rh[(COD)-(R,R)-
_ DIPAMPI'BFy j—
CbzHN._ _— Hz, MeOH, "y, MeOH, 23°C CbzHN AllocHN
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CO,Me CO,Me
367 368
96% ee
OBn (e}
Me Me
>0 >cHo
. {o]
NHCbz 1) BF5 OEt,, 4A MS, DCM, 23°C
o} 2) Pd/C, H,, EtOAc, 23°C o)
o

1) (PhSe0),0, DCM, 23°C
2) TBAF, THF, 23°C
3) 375, EDCI, DMAP, DCM, 23°C

HOOC. _~¢

” m
NHAlloc
375
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intermediate 373 (Scheme 39).>***°° In their synthesis strategy,
the chiral C13 (Et-743 numbering) stereocenter was estab-
lished through enantioselective hydrogenation of the
a,pf-unsaturated ester 367 to generate the tyrosine derivative
368 with 96% ee. A similar approach was applied to the syn-
thesis of another tyrosine derivative 370, which was trans-
formed into the bridged lactone 371 through an intra-
molecular Mannich reaction. Condensation between the two
tyrosine derivatives 369 and 371 and subsequent manipulation
of the lactone led to lactol 372. Methanesulfonic acid pro-
moted Mannich bisannulation of 372, leading to the success-
ful construction of a bridged C/D ring system with establish-
ment of the C11 stereocenter. Then, a Strecker reaction was
used to construct amino nitrile 373, and subsequent manipu-
lations led to pentacyclic compound 374 with the required
methyl group on ring E.

Position-selective  hydroxylation with benzeneseleninic
anhydride followed by the introduction of the cysteine deriva-
tive 375 generated 376, which was ready for the construction of
the challenging 10-membered bridged lactone ring F. The con-

OMe
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N
OAllyl OH
OMe
By ( N\—\N\OC
CO,H — Y
OH O
O
\Z 1) TFOH, TFE/H,0, 45°C
s
NH 2) LiAIH,(OEt),, THF, 0°C;

1 AcOH, KCN, 23°C

NHAlloc

DMSO, Tf,0, -40°C; DIPEA, 0°C; -BuOH, 0°C;
(Me,N),C=N-t-Bu, 23°C; Ac,0, 23°C

H NHAlloc OMe
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Q 3 D

Me (0]
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Scheme 39 Corey's synthetic route.
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struction of 377 from 376 involved a series of transformations:
(1) activation of the tertial hydroxy group with the in situ-gener-
ated Swern reagent from Tf,0 and DMSO, followed by addition
of i-Pr,NEt, which led to o-quinone methide; (2) Barton’s base-
mediated removal of the Fm protecting group, and the sub-
sequent nucleophilic addition of a sulfur ion to the quinone
methide generating ring F; and (3) acetylation of the resulting
phenoxide group with Ac,0. Removal of the Alloc protecting
group and the subsequent transamination with 378 generated
the keto lactone 379, which was utilized for the introduction of
the third tetrahydroisoquinoline moiety through a Pictet-
Spengler reaction with 380. Removal of the MOM protecting
group from the C18 phenolic hydroxy group and stereoselective
introduction of the C21 hydroxy group completed the total syn-
thesis of Et-743.

8.1.2 Fukuyama’s total synthesis of Et-743. Fukuyama and
co-workers reported their first-generation synthetic route to Et-
743 in 2002 and continuous efforts in their lab led to a separ-
ate synthetic strategy in 2013.>°"%°? In their first-generation
synthetic design,*”" the C13 chiral stereocenter in the tyrosine
derivative 382 was established through enantioselective hydro-
genation, while a Mannich-type reaction between 383 and
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chiral template 384 stereoselectively constructed the C1 chiral
center (Scheme 40). A four-component Ugi reaction including
382, 386, p-methoxyphenyl isocyanide (387) and acetaldehyde
led to 388, which was transformed into the enamide com-
pound 389 containing ring C. An intramolecular Heck reaction
was applied for the formation of the bridged C/D ring system
in tetracyclic compound 390, which was converted to aldehyde
391 after several manipulations. Subsequent hydrogenolytic
removal of the benzyl group led to spontaneous cyclization to
form the pentacyclic compound 392 with the desired stereo-
configuration at C4. Protecting group manipulations followed
by the introduction of the cysteine derivative provided 393,
which was utilized for the installation of the crucial ring
F. Selective removal of the acetyl group gave thiol, which
cyclized to form the ring F upon exposure to TFA under high
dilution conditions in TFE, presumably via the o-quinone
methide intermediate. Subsequent acetylation of the phenolic
hydroxy group gave rise to 394, which could be converted to Et-
743 in a manner similar to that utilized in Corey’s total
synthesis.

In their optimized second-generation synthetic route, the
diacetylated diketopiperazine 395, which was derived from

OMe OMe
BnO Me BnO Me
1) Rh[(COD)-(S,S)-Et-DUPHOS]*OTf, N -
I H,, EtOAC, 50°C, 94% ee | -
BocHN . _~ 2) LiOH, MeOH/H,O/THF, 0°C to rt BocHN
13
CO,Me COH >:587. CHsCHO @
381 [ m. Fl 382 MeOH, reflux  \—O OTB%PS |
Zh T OMOM OMOM
OMOM HO 388
Me MeO NC
HO 0~ o H
L 384 | N._.Ph NH,-/ 387
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o 0~ 0 OTBDPS
383 385 386
OMe OMe OMe
BnO Me Me Me OBn
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Scheme 40 Fukuyama'’s first-generation synthetic route.
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m-xylene, 120°C;
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Scheme 41 Fukuyama's second-generation synthetic route.

252

t-glutamic acid, was the only chiral source (Scheme 41).
Perkin condensation of 395 with aldehyde 396 followed by pro-
tection of the amide and hydrogenation stereoselectively con-
structed the C13 chiral center. Selective reduction of the imide
carbonyl group after hydrazinolysis of the acetyl group con-
verted 397 to a suitable intermediate for construction of the
bridged C/D ring system through Mannich-type reaction,
which was performed in the presence of TFA. Tetracyclic
enamide 399, which was derived from 398 with the installation
of the methyl group on ring E and several other manipula-
tions, was used as a platform for the introduction of ring A. A
regio- and stereo-selective Heck reaction of 399 with a diazo-
nium salt derived from amine 400 successfully led to 401.
Manipulation of 401 led to the dialdehyde equivalent 402,
which cyclized to form the pentacyclic compound 403 upon
heating in m-xylene. Reduction of 403 with Red-Al gave oxazoli-
dine 404, a suitable precursor for the introduction of the
cysteine derivative to give 405, an analog of 393, which could
be similarly converted to Et-743.

8.1.3 Zhu’s total synthesis of Et-743. Zhu’s synthesis of Et-
743 started with preparing the right tetrahydroisoquinoline
moiety (D/E ring system) by condensation of chiral amino
alcohol 406 with Garner’s aldehyde (S)-407 (Scheme 42).%>® It
is worth noting that the stereochemistry of the newly generated
chiral center C11 was solely controlled by the absolute con-
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OMe
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MeO,C

1) HoNNHy H,0, THF, rt; evaporation;
NaBH,, MeOH, 0°C

2) TFA, TFE, rt; evaporation;
PhNTf,, DMAP, Cs,CO3, MeCN, rt

OMe

400, BF; OEt,, +-BuONO,
THF, -15 to 0°C;

then 399, Pd,(dba);, NaOAc,
MeCN/THF, 0°C to rt

J T Shc

(o] &
NHAlloc
405

figuration of 406. Assembly of 409 with racemic 410 gave
coupled product 411 in 68% yield with its C1 epimer in 23%
yield, the diastereoselectivity of which may be explained by an
Sx1 mechanism. Construction of the piperazine ring C was
achieved through oxidation of the hydroxy group of 412 fol-
lowed by ZnCl,-catalyzed Strecker reaction to give 413. TFA-pro-
moted cyclization of 414 concomitant with MOM protecting
group removal successfully installed ring B in 415 with the
desired stereoconfiguration at C4, which was similar to the
ring B formation strategy utilized in Fukuyama’s first-gene-
ration synthetic route. Removal of the acetate group followed
by the introduction of the cysteine derivative led to 416, from
which ring F was installed through a one-pot deprotection/
cyclization mediated by TFA. Compound 417 could be con-
verted into Et-743 following Corey’s protocol.

8.1.4 Danishefsky’s formal total synthesis of Et-743.
Starting with asymmetric reduction of the ketone moiety in
418 using Noyori transfer-hydrogenation conditions followed
by a Mitsunobu reaction with diphenylphosphorylazide
securely fashioned the C1 stereoconfiguration in 421
(Scheme 43).>®* The left tetrahydroisoquinoline moiety (A/B
ring) was formed from 421 through an acid-promoted
Pomerantz-Fritsch reaction. Condensation of 422 with the
chiral tyrosine derivative 423 afforded 424, which was con-
verted into the cyclization precursor 425. Aldehyde 425 suc-

This journal is © the Partner Organisations 2022
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Scheme 43 Danishefsky's synthetic route.
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Scheme 44 Williams’ synthetic route.

cessfully cyclized to give rise to the pentacyclic compound 426 the advanced intermediate 427 followed by amide nitrogen
through a CHF,CO,H-promoted vinylogous Pictet-Spengler atom-promoted epoxide ring-opening and subsequent
reaction. DMDO-mediated epoxidation of the double bond in reduction of the iminiumion produced compound 428 with
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Scheme 45 Ma's synthetic route.
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the desired stereoconfiguration at C3 and C4. It is worth
noting that a large excess of sodium cyanoborohydride was
required for the high yield of 428. Further manipulations on
428 led to 429, which was an intermediate in Fukuyama’s total
synthesis of Et-743.>°"

8.1.5 Williams’ formal total synthesis of Et-743. In
Williams’ synthetic route,>® stereoselective condensation of the
phenol 430 with (R)-Garner’s aldehyde 431 in the presence of Ti
(OiPr), produced the anti-product 432 (Scheme 44).
Condensation of the chiral amine 433 with ethyl glyoxalate led
to an imine intermediate, which proceeded to form the left tet-
rahydroisoquinoline 434 with the desired C1 stereocenter estab-
lished through an AIBN/Bus;SnH-mediated radical cyclization.
Removal of the acetonide from 436 with Dowex 50W-X8 cationic
resin in methanol followed by desilylation and subsequent
Swern oxidation produced 437. When treated with TFA, 437 suc-
cessfully underwent a Pictet-Spengler reaction to give the penta-
cyclic compound 438, although with low regioselectivity on the
E ring. Since several protecting group manipulations could
transform 438 into 427, which was an advanced intermediate in
Danishefsky’s formal total synthesis, Williams and co-workers
completed their formal total synthesis of Et-743.

8.1.6 Ma’s total synthesis of Et-743. In 2019, Ma and co-
workers reported an efficient total synthetic route to Et-743 and
lurbinectedin, in which the left and right tetrahydroisoquino-
line moieties were constructed from the common intermediate
439 (Scheme 45).>%° Starting from the chiral amino alcohol 439,
which was prepared from Cbz-protected (S)-tyrosine, a precursor
for the left tetrahydroisoquinoline moiety 440 was obtained
through a Pictet-Spengler reaction. After oxidation of the

Et-770 derivatives
450: R2=R*=allyl, R®®*=H
451:R2=R*=Ac,R®=H

Et-743 (357): R! = OH, X = none
Et-770 (360): R' = CN, X = none
Et-786 (448): R'=CN, X=0

Et-788 (449): R! = CONH,, X = none

6'-0 derivatives (R2=R%®=H), R* =

(0] 0
NO, OMe

457 458
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phenol 440 to quinone 441, the authors carried out detailed
screenings for optimized conditions to form benzo[1,3]dioxole
through a light-mediated remote C-H bond activation. They
finally found that blue-LED irradiation of a THF solution of 441
could smoothly transform quinone 441 into phenol 442. It
should be pointed out that this transformation was an essential
step in their synthesis because the attempts to synthesize 442
from 443 through a direct Pictet-Spengler reaction under

Table 2 Cytotoxicities of Et-770 and related derivatives to three carci-
noma cell lines?

ICso (M)
Entry Compound HCT116° QG56° DU145”
1 Et-770 (360) 0.71 1.6 1.6
2 Et-788 (449) 3.5 x 107 1.3x10° 9.9 x 10”
3 450 54 1.6 x 10” 1.0 x 10”
4 451 1.3 9.5 4.4
5 452 0.50 1.8 1.2
6 453 0.13 0.40 0.72
7 454 0.014 0.071 0.087
8 455 0.053 0.33 0.24
9 456 0.010 0.12 0.041
10 457 0.26 0.96 0.37
11 458 0.31 1.7 0.62
12 459 15 36 16
13 460 13 36 24
14 461 0.20 1.0 0.51

“Values given are ICs, in nM and original activity data can be found in
ref. 259-262. > HCT116: human colon cancer cell line; QG56: human
lung cancer cell line; DU145: human prostate cancer cell line.

2'-N derivatives (R2=R*=H),R%=

455 456

(0]

Re= N

o
Pt 650 (462): R® = CN, R® = H, R” = Ac

Nada: )
459 460 461

PMO00104 (468):
RS=OH,Ré=H,R" =Ac CF3

Re= |—NH y

463: R®=0H,R®=H, R” = Ac
464:R®=H, R8=H R’ =Ac

465: R®=CN, R® = MOM, R” = Ac
466: R® = CN, R® = H, R” = CH3CH,CO
467: R®=CN, R® = H, R” = Me

o

Fig. 20 Representative ecteinascidin derivatives for SAR study.
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various conditions failed. Condensation of aldehyde 444 with
amine 439 successfully provided 445, which contained the
desired two tetrahydroisoquinoline moieties. TFA-promoted de-
protection of 446 followed by Strecker reaction and BCl;-
mediated removal of the two benzyl groups produced amino
nitrile 447, which could be transformed into Et-743 in a
manner similar to that in Corey’s synthetic route.

8.2 Structure-activity relationships of ecteinascidin
derivatives

Although the reported total synthetic routes are not amenable
to scaling-up for manufacturing ET-743 on an industrial scale,
transformations developed in these studies provide access to

Table 3 Cytotoxicities of Pt 650 and related derivatives to four carci-
noma cell lines?

IG5 (nM)
Entry Compound  A-549° HCT116”  A375° pC-3”
1 Et-743 (357) 1.0 0.50 0.15 0.70
2 Pt 650 (462)  0.95 0.38 0.17 0.55
3 463 1.0 0.61 0.20 0.53
4 464 22x10°  1.1x10°  6.1x10> 85x10°
5 465 23x10> 74 66 98
6 466 2.1 1.2 0.51 2.9
7 467 3.1 1.4 0.55 3.1

“Values given are ICs, in nM and original activity data can be found in
ref. 257. ” A-549: human lung cancer cell line; HCT116: human colon
cancer cell line; A375: human melanoma cell line; PC-3: human pros-
tate cancer cell line.

Me
X
R'O
OMe
Rh= H
OMe

neocarzinostatin chromophore (476)

Fig. 21 Examples of natural products containing enediyne.

554 | Org Chem. Front,, 2022, 9, 517-571

View Article Online

Organic Chemistry Frontiers

diverse ecteinascidin derivatives, some of which are listed in
Fig. 20. These synthesized ecteinascidin derivatives make SAR
studies of Et-743 possible and have led to the development of
more anti-tumor molecules including the approved drug lurbi-
nectedin (363) and PM00104 (468), which is in phase II clinical
trials. We give a short discussion about the SAR studies on
ecteinascidin derivatives in the following section (Fig. 20 and
Tables 2, 3).

After achieving the first total synthesis of Et-743, Corey and
co-workers synthesized a series of Et-743 analogs from a
common intermediate, which led to the discovery of one
simpler and more stable anti-tumor molecule named Pt 650
(phthalascidin, 462).>” In 2002, Saito and co-workers isolated
Et-770 (360), an analog of Et-743, from the pretreated Thai
tunicate Ecteinascidia thurstoni with potassium cyanide.**®
Both Pt 650 and Et-770 showed antiproliferative activities on
various cancer cell lines. Synthesis and evaluation of more syn-
thesized analogs of Pt 650 and Et-770 revealed the structural
features for high potent biological activities.>®” >

A cyano or a hydroxy group at the C21 position is essential
and is responsible for alkylating DNA. Et-788 (449) with an amide
group at C21 and 464 with hydrogen at C21 showed a significant
decrease in activity compared with their corresponding parent
compounds.”””**" Oxidation of the sulfur atom in Et-770 led to
Et-786, which resulted in dramatically diminished cytotoxicity.>*°
Protection of the C18 and C6’ phenolic hydroxy groups with allyl
(450) or acetate (451) decreased cytotoxicity.>>***° Protection of
the C18 phenolic hydroxy group with MOM (465) also resulted in
diminished antitumor activity.>*”

Calicheamicin X R* R’ R’
469 B, Br Rh Am CH(Me),
470 v Br Rh Am Et
471 o' | H Am Et
472 a3’ I Rh H -
473 B I Rh Am CH(Me),
474 v I Rh Am Et
475 s, | Rh Am Me

esperamicin A1 (477)

dynemicin A (478)

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d1qo01341f

Published on 20 November 2021. Downloaded on 30.10.2025 02:59:35.

Organic Chemistry Frontiers

Modifications at the 2'-N position revealed that the 2'-N-ally-
lated compound 452 showed activity similar to that of Et-770
(360), while several 2'-N amide derivatives including nitrogen-
containing heterocycles (453 and 454) and cinnamoyl deriva-
tives (455 and 456) exhibited improved cytotoxicity.>¢°2%*
Notably, 454 and 456, respectively, exhibited approximately 50-
and 70-fold higher cytotoxicity to the HCT116 cancer cell line
than Et-770 (360).>

Evaluation of the cytotoxicity of a series of C6’ aromatic ester
derivatives showed that 457 and 458 with a nitro group or a
methoxy group on the benzene ring exhibited activities similar
to Et-770 (360).>°> However, derivatives with a bromo group on
the benzene ring (459) or a naphthyl group (460) showed signifi-
cantly decreased cytotoxicity. The incorporation of a nitrogen-
containing heterocyclic ester group (461) resulted in a moderate
increase in activity. For Pt 650 analogs, derivatives possessing a
propionyl (466) or a methyl (467) protecting group on the C5
phenolic hydroxy group were slightly less effective than the
parent compound Pt 650 (462).>°” These results indicate the
promising role of total synthesis in the future development of
ecteinascidin-type and related natural products into drugs.
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g o
o o HO Fmoc o ¥
+  goN
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NO,
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NO,
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Cl
Et—
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9. Calicheamicin y}

Calicheamicin y} (474) is a potent antitumor antibiotic that was
isolated from Micromonospora echinospora ssp in 1986. One year
later, its structure was defined as an enediyne with a bicyclo
[7.3.1]tridec-9-ene-2,6-diyne system, a unique N-O glycosidic
linkage, and a methyl trisulfide moiety; other members of the
calicheamicin family were also discovered (Fig. 21).>*2°® Several
natural products containing the enediyne were also found in the
1980s, such as Neocarzinostatin chromophore (476),>%
Esperamicin A1l (477),”*® and Dynemicin A (478)*%° (Fig. 21).
Calicheamicin y! displays excellent activity against Gram-negative
and -positive bacteria at concentrations lower than 1 pg mL™". It
demonstrated extreme toxicity to all cells, indicating that it has
extraordinary potency against cancer cells. Investigation of its
mechanism showed that calicheamicin y! targets and binds to
the DNA minor groove, and then undergoes the Bergman cycliza-
tion after bioreductive activation to produce a biradical, 1,4-dide-
hydrobenzene, which subsequently abstracts hydrogen atoms
from the deoxyribose backbone of DNA to generate sugar rad-
icals. The latter undergo oxygen-dependent reactions and finally
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Fmoc §j>_
481 al

HZN 9)

1) PhMe, reflux TBSO
O 2) NaSMe, EtSH

DCM, -500C
MeO
H M
one 0N owe Acyﬁ\j $\7
OMe MeO

486 487

N Me

485 TESO !
DMAP, DCM OTBS

490

Scheme 46 Nicolaou's preparation of tetrasaccharide building block.
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induce double-strand DNA breaks.>”"> Because of its excellent
activity and site-specific targeting, gemtuzumab ozogamicin
(Mylotag®), a calicheamicin ! derivative, was approved by the
FDA in 2000 as an antibody-drug conjugate (ADC) to treat CD-33-
positive myeloid leukemia. Unfortunately, 10 years later it was
withdrawn from the market because of its serious side effects. In
2017, inotuzumab ozogamicin (Besponsa®), also derived from
calicheamicin y!, was approved by the FDA as an ADC medi-
cation to treat relapsed or refractory CD22-positive B-cell precur-
sor acute lymphoblastic leukemia. All in all, the fascinating struc-
ture and highly potent drug-likeness characteristics of calichea-
micin 7} have spurred chemists to meet the huge challenge of
developing strategies for the total synthesis of calicheamicin 7}.

9.1 Total synthesis of calicheamicin 7}

9.1.1 Nicolaou’s total synthesis of calicheamicin y}. In
1992, Nicolaou and co-workers reported the first approach for

OMEM
O, g :
—_— HO_ = .~ _NaOCl
. e N/><\:/\/ L. SRR
oo & DCM/H,0

HO \_/ z

492 493

(0] (0]

Pd(PPhj),, Cul
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the synthesis of calicheamicin y! using the strategy of splitting
the parent molecule into two advanced intermediates, an
oligosaccharide fragment and an aglycon precursor.>’>>7¢
First, the building blocks 479 and 480 were glycosylated in the
presence of AgClO, and SnCl, to produce a-disaccharide as the
major product, which underwent selective deprotection fol-
lowed by regioselective oxidation of C4-OH to generate hydroxy
ketone 481. The active ketone was successfully condensated
with hydroxylamine 482 using PPTS as a catalyst to produce tri-
saccharide 483. The introduction of thionoimidazolide instead
of benzoyl generated 484, which proceeded the [3,3]-sigmatro-
pic rearrangement and removal of the imidazoformyl to forge
trisaccharide 485 for coupling with aryl saccharide 489. The
latter was prepared by the glycosidation of saccharide unit 486
with fully substituted phenol 487 and subsequent interconver-
sion of protecting groups. Photodeprotection of an o-nitro-
benzyl glycoside of trisaccharide 490 generated lactol, and

o_ .0 o_ 0
/N\ - -
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H H
OMEM // OMEM
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Scheme 47 Total synthesis of calicheamicin 7} by Nicolaou.
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Schmidt’s protocol was used to generate the trichloroacetimi-
date 491 from 490 (Scheme 46).

The critical synthesis of aglycon portion is to construct the
cyclohexenone precursor of the bicyclic enediyne scaffold
using the [3 + 2] nitrile oxide cycloaddition reaction
(Scheme 47). The commercially available tetronic acid 492 was
used to prepare the aldoxime precursor 493, which underwent
an intramolecular 1,3-dipolar cycloaddition reaction using
aqueous sodium hypochlorite solution in DCM as an oxidation
system to generate isoxazoline 494. After removal of the benzo-
ate group and the Jones oxidation of the resultant secondary
hydroxy group, the ketone intermediate was produced.
Subsequent addition of lithium(trimethylsilyl)acetylide and
acetylation generated intermediate 495 with high stereo-
selectivity. After careful removal of MEM ether, the resultant
secondary alcohol was subjected to Swern oxidation, generat-
ing keto isoxazole which was treated with methyl (triphenyl-
phosphoranylidene)acetate followed by protecting group inter-
conversions to generate the olefination product 496 as a single
geometrical isomer. This product was subsequently coupled
with (Z)-chloroenyne using a Pd(PPhj;),-Cul catalytic system to
produce the protected enediyne 498. Cleavage of the isoxazole
with molybdenum hexacarbonyl (Mo(CO)e), removal of the
TMS group, and phthaloylation of amine gave rise to the

View Article Online
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desired intermediate 499. The new secondary hydroxy group
produced through exposure of 499 to potassium hexamethyl-
disilazide in toluene was mesylated and subsequently inverted
by a neighboring ester group to furnish the lactone 500 in
high yield. After exchanging protecting groups and double
reduction using DIBAL/NaBH,, the required aglycon inter-
mediate 501 was produced by benzoylation. With the tetrasac-
charide donor 491 and aglycon 501 in hand, Schmidt glycosi-
dation was applied to form the coupled product 502 as a
single isomer. Then, the target molecule calicheamicin 7}
(474) was generated after multi-step transformations.

9.1.2 Danishefsky’s total synthesis of calicheamicin y}.
Three years after Nicolaou’s work, Danishefsky and co-workers
also finished the total synthesis of calicheamicin y} (474).>”7 2%
As shown in Scheme 48 tetrasaccharide 516 was constructed
from the coupling of two disaccharide building blocks 508 and
514. After deiodination and triflation, the first disaccharide
building block 508 was prepared from disaccharide fragment
507, which was forged by the coupling of glycal 506 and 505 in
the presence of collidine-complexed iodonium perchlorate. For
the second disaccharide, glycosyl donor 509 and acceptor 510
were subjected to the Schmidt procedure to build the aryl glyco-
side 511 with excellent yield. Subsequently, 511 was converted
to acyl chloride 512, which was then successfully coupled with
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Scheme 48 Danishefsky's preparation of tetrasaccharide building block.
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thiol 513 to provide disaccharide 514. Deprotonation of the car-
bamate nitrogen of disaccharide 514 using NaH as the base and
subsequent alkylation with triflate 508 afforded tetrasaccharide
515, which was converted to glycosyl donor 516.

The synthesis of the aglycon unit started with the synthesis
of unstable triol 518 from the commercially available benzoate
517; 518 was subjected to Becker oxidation to generate an
epoxide and, following Dess-Martin oxidation, aldehyde 519
was obtained (Scheme 49). The aldehyde 519 was protected by
treating with lithium N-methylanilide, and the keto group was
attacked by the lithium acetylide generated from the parent
enediyne to give adduct 520 after silylation of the newly
formed alcohol by utilizing trimethylsilyl triflate. Then, 520
was subjected to potassium 3-ethyl-3-pentoxide, and the core
skeleton 521 was obtained. Protecting group interconversions,
acetolysis, and oxidative cleavage were employed to convert
521 to 522. Exposure of 522 to a solution of sodium azide
afforded the desired product, azidoenone 523, which under-
went subsequent key transformations including reduction of
azide, an intramolecular Horner-Wadsworth—-Emmons reac-
tion, reduction using NaBH,, and a Mitsunobu reaction, gener-
ating trisulfide 524. Remarkably, the Schmidt protocol using
silver triflate and molecular sieves was employed to couple tri-
sulfide 524 with the tetrasaccharide donor 516 to forge 525 as
a single isomer with moderate yield.

Not long after the discovery of calicheamicin 7}, the struc-
tural analogs of calicheamicin, shishijimicin A (526)*** and

OH OH

OMe
1) NalO4 HCI
MeO CO,Me MeO
Br Br OH

2) DMP

517

521 522

o} OMe

OMe
Tese /0

MeO

Scheme 49 Total synthesis of calicheamicin y, by Danishefsky.
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namenamicin (527),>®> were isolated from marine organisms
(Fig. 22). Biological assays showed that they both displayed
highly potent antitumor activity. Very recently, Nicolaou and
co-workers finished the total synthesis of shishijimicin A
(526)***?%° and namenamicin (527)**® using a protocol they
developed previously, with some modifications. The details of

MeO

Sl

namenamicin (527)

Fig. 22 The structures of shishijimicin A and namenamicin.
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these approaches are not discussed here. The derivatives and
analogs of shishijimicin A were also constructed using the
total synthesis strategy to explore the ADC payloads for clinical
trials against tumors.>®’

9.2 Structure-activity relationships of calicheamicin 7}
derivatives

As mentioned above, since calicheamicin y} was discovered as
a 10-membered enediyne with highly potent -cytotoxicity
against tumors, a number of synthetic analogs have been
designed and used as ADC payloads in preclinical evaluations
and clinical tests against tumors. According to the mechanism
of action described, the enediyne subunit of calicheamicin y}

View Article Online

Review

that plays an irreplaceable role in the generation of DNA
lesions through the Bergman rearrangement is unchangeable,
and the allylic trisulfide serves as a trigger to induce cycloaro-
matization. Studies of the semisynthetic aglycon analogs
revealed that the role of carbohydrate fragments is to facilitate
DNA binding and confer target specificity.>’***® To date, SAR
research has mainly focused on the modification and simplifi-
cation of oligosaccharide fragments or trisulfide groups.

The four calicheamicin y} analogs (Fig. 23), the natural pro-
ducts 471 and 472 and synthetic compounds 528 and 529,
were all conjugated to CT-M-01 and the resultant derivatives
were tested for therapeutic efficacy against MX-1 xenograft
tumors. The results showed that compounds 472 and 528 with

Me O
Me N\ yi
X o W\
s o, .
N ke Me
1 OH
R0 OMe H NM&;
OMe cTMO1 O
S$—8
Me O
Me
rh= e, 0 I 0
MeO S o) !
OH \ o £
A AR 1 2 3 0o OMe OH /N%
Calicheamicin R R R’ e H” HO 2
474 vi Rh Am H Me 70 OMe e
a7 @ H Am H et 0-_N 2
472 ' Rh H OH Y MeO
528 N-Ac-y,' Rh Am Ac
CMB-401 (530)
529 PSAG H H -

Fig. 23 Examples of calicheamicin y} derivatives().
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the DNA binding unit and the lack or modifications of amino
sugar fragments showed stronger therapeutic efficacy than the
parent molecule 474 and the derivatives 471 and 529, which
missed the rhamnose at the DNA binding region. This result
suggested that a rhamnose at the end of the binding region is
required for ADC medications.”® CMB-401 (530) was further
developed using a more stable amide-disulfide-based linker to
conjugate it with hCTMO1 based on the structure of com-
pound 528, and this compound was tested in phase I and
phase II studies against epithelial ovarian cancer. However, no
patients had objective responses in the phase II investigation.
Scientists speculated that the sterically hindered disulfide
failed to release the drug from the ADC payload.>®®
Calicheamicin ¢ (Fig. 24, 531), a novel derivative of calichea-
micin 7}, was developed using thioester to replace the methyl tri-
sulfide and prepared through total synthesis by the Nicolaou
group. After the test, calicheamicin ¢} was hypothesized to be a
powerful biological tool for generating specific DNA lesions
because of its highly potent and selective DNA cleaving, apopto-
sis-inducing, and cytotoxic properties.>*® It was also discovered
that calicheamicin ¢} (531) effectively suppressed liver metastases
in a novel syngeneic model of murine neuroblastoma and CD19-
positive malignancies.”*"*> In some analogs, the allylic trisulfide
was replaced by isopropyl disulfide or functionalized to improve
the stability and solubility (Fig. 24, 532 and 533).2%%2%!
Gemtuzumab ozogamicin (Mylotag®, 534) and inotuzumab ozo-
gamicin (Besponsa®, 535) are ADC drugs approved to treat
myeloid leukemia and B-cell malignancies by the FDA in 2000
and 2017, respectively. Because of the important role that the
linker plays in the effective release of the calicheamicin derivative
from the conjugation product, allowing it to access the DNA
target, a linker, 4-(4-acetylphenoxy)butanoic acid, was added to
condensate drug and antibody. This conjugate showed stability
in physiological buffer (pH 7.4) and the calicheamicin derivative
was efficiently released inside lysosomes (pH 4.0) (Fig. 25).>%

10. Conclusions

In this review, we discussed the total synthesis and SAR
studies of eight representative families of natural products

560 | Org. Chem. Front, 2022, 9, 517-571

applied in the treatment of various human diseases. Although
just the tip of the iceberg, these examples demonstrate the
essential role of total synthesis in natural product drugs’ dis-
covery: development of efficient transformations for natural
products synthesis, especially the deep-seated structural modi-
fications that are otherwise tough to achieve; and providing
adequate and sustainable supplies of natural products and
their analogs for clinical studies and use. From another stand-
point, total syntheses of natural products, which often contain
complex structural features, also promote the development of
synthetic chemistry by inspiring the discovery of new reactions
and reagents for rapid molecular assembly and structural
diversifications. In combination with the development of other
disciplines, such as synthetic biology and chemical biology,
chemical synthesis will continue to play a profound role in
functional mechanism elucidation, new biological target
identification, and natural product medicinal chemistry.

Abbreviations

AcOH Acetic acid

AIBN 2,2'-Azobisisobutyronitrile

BHT Butylated hydroxytoluene

Boc,O Di-tert-butyl dicarbonate

BOPCl Bis(2-ox0-3-oxazolidinyl)phosphinic chloride

BPO Benzoyl peroxide

CSA Camphorsulfonic acid

DABCO 1,4-Diazabicyclo[2.2.2]octane

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DCM Dichloromethane

DEAD Diethyl azodicarboxylate

1,2-DFB 1,2-Difluorobenzene

DIPAMP (Ethane-1,2-diyl)bis[(2-methoxyphenyl)( phenyl)
phosphine]

DIPEA N,N-Diisopropylethylamine

DMAP 4-(N,N-Dimethylamino)pyridine

DMDO Dimethyldioxirane

DME 1,2-Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d1qo01341f

Published on 20 November 2021. Downloaded on 30.10.2025 02:59:35.

Organic Chemistry Frontiers

Dppp 1,3-Bis(diphenylphosphino)propane

DTBMP 2,6-Di-tert-butyl-4-methylpyridine

EDCI N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride

HFIP Hexafluoroisopropanol

HMPA Hexamethylphosphoramide

IBX 2-Todoxybenzoic acid

KHMDS Potassium bis(trimethylsilyl Jamide

LDA Lithium diisopropylamide

LICA Lithium N-isopropylcyclohexylamide

LiDBB Lithium di-tert-butylbiphenyl

LiHMDS Lithium bis(trimethylsilyl)amide

LTMP Lithium tetramethylpiperidide

m-CPBA meta-Chloroperoxybenzoic acid

MesLi Mesityllithium

MS Molecular sieve

MsCl Methanesulfonyl chloride

NaHMDS Sodium bis(trimethylsilyl)Jamide

NBS N-Bromosuccinimide

NMO 4-Methylmorpholine N-oxide

NTf, Bis(trifluoromethylsulfonyl )imide

Pd,(dba),  Bis(dibenzylideneacetone)palladium

PhNTf, Bis(trifluoromethanesulfonyl)aniline

PMP 1,2,2,6,6-Pentamethylpiperidine

PPTS Pyridinium p-toluenesulfonate

Red-Al Sodium bis(2-methoxyethoxy)aluminiumhydride

[Rh(COD)  Chloro(1,5-cyclooctadiene)rhodium(i) dimer

Cl],

Rt Room temperature

SARs Structure-activity relationships

TBAF tert-Butylammonium fluoride

TBAIL tert-Butylammonium iodide

TBSOTf tert-Butyldimethylsilyl trifluoromethanesulfonate

TESOH Triethylsilanol

Tf,0 Trifluoromethanesulfonic anhydride

TFA Trifluoroacetic acid

TFAA Trifluoroacetic anhydride

TFE 2,2,2-Trifluoroethanol

TfOH Trifluoromethanesulfonic acid

THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

TMSCI Chlorotrimethylsilane

TMSCN Trimethylsilyl cyanide

TMSH Trimethylsulfonium hydroxide

TMSimid 1-(TrimethylsilylJimidazole

TMSOH Trimethylsilanol

TPAP Tetrapropylammonium perruthenate

TPP Triphenylphosphine

TsOH p-Toluenesulfonic acid
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